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Abstract 
The Lapstone Structural Complex and the Hornsby Warp are prominent topographic features 
in the Sydney Basin, bounding the Cumberland Plains to the west and north respectively. The 
structure and timing of uplift of these features, as well as their subsequent effects on 
Cenozoic deposition are still debated. Seismic data displaying a thickening of the Permian 
Illawarra Coal Measures across the Lapstone Monocline implied a Permian or earlier timing 
of formation. Reprocessing of this data indicated that this is not the case, with thickening 
ascribed to the effects of the Camden Syncline further east of the Lapstone Structural 
Complex. Current research focuses on a Paleogene/Neogene timing of uplift based on the 
distribution of the Rickabys Creek Gravel, which outcrops on the uplifted limbs of the 
Lapstone Monocline, the Hornsby Warp and the low-lying Cumberland Plains – implying 
deposition occurred prior to uplift. Field work showed the Paleogene/Neogene Londonderry 
Clay also outcrops on the lower limb of the monocline, as well as in the Cumberland Basin. 
This thesis examines the geometry of these units, to determine the influence that the 
surrounding topographic features had on deposition. A database of borehole records was 
compiled into an excel spreadsheet, with thickness and depth values calculated for each of the 
five major units in the region – the Hawkesbury Sandstone, the Wianamatta Group, the 
Rickabys Creek Gravel, the Londonderry Clay and Quaternary sediments. The natural 
neighbour algorithm was used to interpolate these values, resulting in 10 m structure contour 
maps for each unit and maps displaying the thicknesses of Cenozoic units. Using these 
images, depositional trends in the region were examined. The Rickabys Creek Gravel 
displayed thinning to the north, which was attributed to a basin developed in the underlying 
Wianamatta Group observed in structure contours. In contrast, the Londonderry Clay is 
thinning to the south. This pattern in the Paleogene/Neogene units is interpreted to signify the 
development of a relative depression, followed by the establishment of a localised base level 
rise for the region. The distribution of Londonderry Clay and its subsequent absence from the 
Hornsby Warp implies two periods of uplift - initial uplift of the Hornsby Plateau dammed 
the region, resulting in the deposition of the Londonderry Clay, followed by a second period 
of uplift of the Lapstone Structural Complex. Palaeomagnetic testing of the Londonderry 
Clay is a work in progress, with continuing work in the region aiming to provide firmer 
knowledge of the timing of formation and evolution of the area.    
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Chapter 1 – Introduction 
1.1 Introduction 
The Cumberland Basin is the physiographic term for the low-lying plains of the Permian-
Triassic Sydney Basin (Figure 1). The plains have a roughly defined area of 2750 km2, 
generally consisting of undulating hills of Wianamatta Group shales. It is bounded by the 
Woronora and Illawarra Plateaus to the south, the Blue Mountains Plateau to the west and the 
Hornsby Plateau to the north/northeast.  
 
Figure 1 – An outline of the Cumberland Basin and its location in regards to the wider 
Sydney region, NSW. Not shown are the topographic features which bound the plains.  
 
At the forefront of the Blue Mountains Plateau resides the Lapstone Structural Complex, a 
north-south trending collection of reverse faults and monoclines that form the most prominent 
structures in the generally gently dipping Sydney Basin strata (Van der Beek et al. 2001). The 
Lapstone Structural Complex extends for over 100 km, bordering the western extents of the 
Cumberland Basin and runs alongside the Hornsby Plateau north of the plains. Relief ranges 
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from over 250 m in the north, decreasing to around 80 m in the south. Similarly, the Hornsby 
Plateau is fronted by the Hornsby Warp, which is topographically subtle in comparison to the 
Lapstone Structural Complex. This feature is poorly defined and inadequately defined in 
literature. The elevation of the Hornsby Warp ranges from 70 m in the northeast and tapers to 
30 m approaching to where the Hawkesbury River cuts through it. 
This thesis documents the sedimentary thicknesses of the Cenozoic sedimentary units and the 
upper Sydney Basin succession of the north-western Cumberland Basin and places their 
development in a broader tectonic context related to Cenozoic uplift of the Blue Mountains 
and the Hornsby Plateau.  
1.2 Study area 
The study area of the thesis is a subset of the Cumberland Basin, focusing on the northern 
extent of the plains and the immediate surrounding highlands. The study area has an area of 
approximately 750 km2 and is encompassed wholly by the Penrith 1:100,000 Geological Map 
(Figure 2). In this region, the most extensive example of Cenozoic deposition in the Sydney 
Basin is observed, apart from coastal deposits. There are five main geological units that 
outcrop across the region – the Triassic Hawkesbury Sandstone, the Triassic Wianamatta 
Group, the Paleogene/Neogene Rickabys Creek Gravel, the Paleogene/Neogene Londonderry 
Clay and Quaternary sediments.  
Fluvial activity consists of the Hawkesbury-Nepean River system and its tributaries. In the 
south of the study area, the Nepean diverges from the Cumberland Basin, cutting across the 
Lapstone Monocline and joining the Warragamba River. After exiting the Lapstone Structural 
Complex, the river is controlled by the developed Paleogene/Neogene and Quaternary 
terraces and the uplifted structures until it cuts through the Hornsby Warp.  
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Figure 2 – The Penrith 1:100,000 Geological Map, outlining the extent of the study area. The 
dominant geology is displayed, with the Hawkesbury Sandstone in light blue, the Wianamatta 
Group in light and dark green, and the Cenozoic sediments in light brown/yellow. The 
resolution of the map is too course to distinguish the Rickabys Creek Gravel from other 
Cenozoic units. Map is sourced from the New South Wales Geological Survey website 
(http://www.dpi.nsw.gov.au/minerals/geological/geological-maps/1-100-000/penrith-1100-
000-geological-map) and is available as the scanned image presented here and as a shapefile 
compatible with ArcGIS.   
 
1.3 Gaps in knowledge 
The Lapstone Structural Complex has been thoroughly described in literature, with the timing 
of formation still a matter of contention. Seismic data exhibiting an apparent thickening of 
Permian sedimentary units across the Lapstone Monocline has been used to assign a Permian 
timing of development with reactivation during the Cenozoic (Branagan and Pedram 1990, 
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Pickett and Bishop 1992). Study of reprocessed seismic data between Penrith and Picton has 
shown that the thickening across the Lapstone Structural Complex is only gradual and relate 
to an underlying basinwards thickening centred on the Camden Syncline, to the east of the 
Lapstone Structural Complex (Bray et al. 2010, Fergusson et al. 2011). The lack of any 
evidence for abrupt thickening across the Lapstone Structural Complex suggests it played no 
role during the sedimentation of the Sydney Basin succession. The importance of the 
Rickabys Creek Gravel, which outcrops on uplifted Lapstone Monocline, the Hornsby Warp 
and the low-lying Cumberland Plains, has been significantly downplayed. Pickett and Bishop 
(1992) suggested that the gravels were deposited while the Lapstone Structural Complex was 
unearthed from a cover of Wianamatta Group shale. Considering the deposition of Permian 
strata was unaffected by the Lapstone Structural Complex, a younger timing of formation 
must be explored. The Paleogene/Neogene Rickabys Creek Gravel is viewed as being syn-
depositional with respect to the uplift of the Lapstone Structural Complex. Thus this thesis 
focuses on the notion of a Cenozoic timing of uplift, where the geometry of Cenozoic 
sediments will play a critical role in determining the influence of the Lapstone Structural 
Complex and the Hornsby Warp.    
1.4 Project objectives 
The major objective of this thesis is to examine the effects that the Lapstone Structural 
Complex and the Hornsby Warp exerted on the distribution of Cenozoic sediments. This was 
carried out by utilising all available data, in particular the publically available borehole data, 
to examine the sediments. A spreadsheet compiling all the borehole records in the region was 
created and interpolated to create subsurface layers. Interpolating boreholes in the study 
region has been carried out in the past (Smith 1979), however, these were commercially 
drilled, sparsely located, deep holes. These records were used to examine the structure of the 
Hawkesbury Sandstone and underlying Narrabeen Group, where minimum localised variation 
of strata is observed. This thesis focuses on incorporating the plentiful, shallower, water-
probing boreholes as well as the drill holes used by Smith (1979) in an effort to observe the 
thin Cenozoic units of the region. Using shallow boreholes to examine thin units poses a 
number of issues, such as displaying local artefacts in the produced data (channels and 
transitional facies) and the irregular distribution of samples (Pucillo 2005). These issues were 
dealt with by examining constraints from the surface geology provided by the Penrith 
1:100,000 Geological Map and Explanatory Notes and field checking undertaken in the 
course of this project. 
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Chapter 2 – Literature Review 
2.1 - Deposition of the Sydney Basin 
The Sydney Basin is a component of the Sydney-Gunnedah-Bowen Basin, which formed in 
three stages as outlined by Korsch and Totterdell (2009). This process occurred over at least 
70 Ma, initiating in the Permian and developing through to the Triassic (Korsch and 
Totterdell 2009). The first stage involved an extensional phase, where basin initiation was 
brought on by widespread volcanism and the formation of half-graben structures running 
north-south along the eastern coast of Australia (Korsch et al. 2009). This was followed by a 
period of thermal relaxation, where cooling of the crust resulted in subsidence of the basins 
(Korsch and Totterdell 2009).  The final stage initiated in the Late Permian and continued 
into the Triassic, where thrusting of the New England Orogen created a foreland basin 
(Veevers 2006; Korsch and Totterdell 2009). High rates of sedimentation loaded the basin 
with as much as 1350 m of sediment, resulting in the build-up of the Late Permian to Triassic 
sedimentary successions of the Sydney Basin (Herbert 1997). The Cumberland Basin is a 
subset of the inner Sydney Basin, and is comprised of sedimentary sequences that outcrop 
across the low-lying plains of Western Sydney (Figure 3). These successions are flat lying to 
gently dipping, with the uppermost strata being the Triassic Hawkesbury Sandstone and the 
Wianamatta Group.  
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Figure 3 – Location Cumberland Basin with respect to the Sydney region. The basin is 
distinguished from the surrounding uplifted regions by having a much lower elevation - 
between 5 and 100 mASL. Study is focused on the northern areas of the Cumberland Basin in 
the Penrith/Hawkesbury regions and the surrounding topographic features, notably the 
Lapstone Structural Complex and the Hornsby Warp. Image sourced from Tomkins et al. 
(2005). 
 
2.2 - Geology of the region 
Stratigraphic information was limited by the extent of the borehole data and outcrops of units. 
Despite the deepest boreholes extending into the Triassic Narrabeen Group and beyond, only 
twelve drill holes in the region extend over 300 m in depth. The limited quantities of these 
commercial, exploratory drill holes across the region meant that units below the Hawkesbury 
Sandstone were disregarded for this project. Units utilised in the project are described below. 
Unconformably overlying the Narrabeen Group is the Triassic Hawkesbury Sandstone, 
marking a shift in source material from quartz-lithic New England Orogen detritus to 
quartzose Lachlan Fold Belt material (Herbert 1997). The Hawkesbury Sandstone is a thick 
unit up to 250 m in parts, and is generally comprised of medium to coarse grained, poorly 
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sorted sandstone (Jones and Clarke 1991). Thin mudstone layers (0.5 – 3 m) are present 
throughout the unit, typically maintaining a uniform thickness across the study area (Jones 
and Clarke 1991). The Hawkesbury Sandstone was deposited in a braided alluvial system, 
with large-scale crossbedding indicative of a great river system (Jones and Clarke 1991). 
Analogies have been made between the size of the river that deposited the Hawkesbury 
Sandstone and the modern day Brahmaputra River in India and Bangladesh (Miall and Jones 
2003). The Hawkesbury Sandstone provides a basement across the Cumberland Basin, with 
outcrops limited to the bounding uplifted regions.  
The Mittagong Formation has limited outcrops, and is only observed at few locations in the 
Sydney Basin. The formation incorporates bands of fine- to medium-grained sandstone units 
derived from similar material as Hawkesbury Sandstone and dark shale analogous to the 
Ashfield Shale as well as the thin mudstone facies within the underlying sandstone (Jones and 
Clarke 1991). These alternating layers were occasionally observed in borehole data, though 
were not always accounted for. As the unit resembles a finer grained variety of the underlying 
sandstone, it is assumed the Mittagong Formation is the preserved floodplain of the river 
responsible for the deposition of the Hawkesbury Sandstone (Jones and Clarke 1991). 
The Wianamatta Group is the uppermost unit of Triassic stratigraphy in the region and 
represents the last extensive period of deposition before Cenozoic sedimentation. As a result, 
the thickness of the group varies spatially, but is generally less than 150 m throughout the 
study area (Jones and Clarke 1991). It consists of three formations deposited in a single 
regressive episode – the Ashfield Shale, the Minchinbury Sandstone and the Bringelly Shale 
(Jones and Clarke 1991). The Ashfield Shale underlies the majority of Cenozoic units in the 
study area, sitting disconformably on the Mittagong Formation/Hawkesbury Sandstone 
(Herbert 1979, Jones and Clarke 1991). This unit consists of dark, sideritic shale that grades 
upwards to fine sandstone-siltstone laminate (Smith 1979). It is widely exposed on the 
Hornsby Plateau with only a limited, ferruginised outcrop in the Cumberland Basin. 
Overlying this is the Minchinbury Sandstone, a quartz-lithic unit with a maximum thickness 
of 6 m (Jones and Clarke 1991). Low-angle crossbedding observed in the unit indicates wave 
action during deposition. The highest unit of the Wianamatta Group is the Bringelly Shale. 
This unit is predominantly claystone and siltstone with thin laminite layers (Jones and Clarke 
1991). The Wianamatta Group represents a prograding sequence, starting with the shallow 
marine or lacustrine Ashfield Shale, transitional to a beach or barrier bar deposit of the 
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Minchinbury Sandstone and concluding as the lagoonal and alluvial Bringelly Shale (Jones 
and Clarke 1991).    
Patches of Rickabys Creek Gravel are dispersed in the study area, unconformably overlying 
on the Triassic sedimentary units. The gravel consists of poorly sorted clasts (up to 0.5 m in 
diameter) derived from the Lachlan Fold Belt in a sandy clay matrix, with thickness ranging 
from 2 – 12 m (Jones and Clarke 1991). A Paleogene/Neogene age is given for the gravels, 
although defining an exact age is difficult due to the lack of datable material contained within 
the unit (Pickett and Bishop 1992). Analysis of the pebble fabrics showed the Rickabys Creek 
Gravel most resembles Miall’s (1978) Gm facies, indicating that the environment of 
deposition was a braided stream (Bishop and Hunter 1990). The unit fines upwards and has a 
gradational boundary with the overlying Londonderry Clay (Jones and Clarke 1991).   
Generally overlying the Rickabys Creek Gravel, the Londonderry Clay also exhibits a 
disconformable boundary with Wianamatta Group shales at some localities. The unit is 
comprised of mottled red-grey, impervious clay with ferruginised ironstone pisolites and 
patches of sand (Jones and Clarke 1991). The Londonderry Clay is characterised by extensive 
laterization, differentiating the unit from overlying and adjacent Quaternary sediments (Jones 
and Clarke 1991). A lacustrine environment of deposition proposed by Hall (1926) was 
refuted by Smith (1979), citing the gradational boundary as an indicator of fluvial activity 
and that the clay was therefore a finer facies developed in association with the Rickabys 
Creek Gravel. The exact environment of deposition for the Londonderry Clay has not been 
concluded in literature.   
Various Quaternary units are found throughout the study area. Two units, the Agnes Bank 
Sand and the Clarendon Formation, form a Quaternary terrace developed on 
Paleogene/Neogene sediments. The Cranebrook Formation is thought to have extended this 
terrace to the south, although extensive development of the land surface makes it impossible 
to conclude its precise location. Other Quaternary sediments make up the current flood plain 
of the Nepean/Hawkesbury River and its tributaries. These units are typically coarse grained 
sand with a basal layer of gravel, reworked from the Rickabys Creek Gravel (Jones and 
Clarke 1991).  
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2.3 - Lapstone Structural Complex 
The Lapstone Structural Complex is an association of north-south trending structures that 
demark the eastern extent of the Blue Mountains Plateau (Branagan and Pedram 1990). The 
topographically prominent feature is comprised of monoclines, high-angle reverse faults and 
fault scarps, extending nearly 100 km (Figure 4) (Branagan and Pedram 1990; Fergusson et 
al. 2011).  
 
Figure 4 - The Lapstone Structural Complex, with a) the northern extents and b) the southern 
extents of the Lapstone Structural  Complex (from Fergusson et al. 2011, using data from the 
NASA Shuttle Radar Topography Mission). The Hornsby Warp and Cenozoic terraces are 
crudely delineated in the north.  
 
2.4 - Is the Lapstone Structural Complex syn-depositional or post-depositional with 
respect to the Sydney Basin? 
Evolution of the complex and its subsequent control of Cenozoic deposition is incompletely 
understood. A debate exists as to whether the Lapstone Structural Complex is a relict feature 
that was reactivated by recent uplift (Branagan and Pedram 1990; Pickett and Bishop 1992) 
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or whether it is wholly a product of tectonism in the Cenozoic (Bray et al. 2010; Fergusson et 
al. 2011). It had been proposed that the Lapstone Structural Complex was syn-depositional on 
the basis of seismic data originally shot in 1966, which was interpreted to show a thickening 
of Permian strata to the east of the monocline. The inference was that the structure influenced 
the pattern of deposition (Branagan and Pedram 1990; Pickett and Bishop 1992; van Der 
Beek et al. 2001). Another argument made by Pickett and Bishop (1992) was that the 
complex must be pre-date the Nortons Basin diatreme as the diatreme cross cuts the axis of 
the Lapstone Structural Complex with minimal deformation - if the diatreme pre-dated 
folding, these authors argue that deformation should be present. However, the extent of the 
Glenbrook Fault is unclear and may either die out or lose substantial slip before reaching the 
diatreme (Schmidt et al 1995). Seismic data in the area suggests a monocline developed at 
depth is present 1 km south of the diatreme, leading Fergusson et al. (2011) to conclude the 
diatreme occurs in an area of displacement transfer between the Lapstone Monocline and the 
Nepean Fault Zone. The diatreme, which has a Jurassic age determined from palynoflora 
(Helby and Morgan 1979), can therefore not be used as a method of dating the formation of 
the Lapstone Structural Complex. 
Interpretation of recently processed seismic data indicates that the complex formed in the 
Cenozoic, and has had no effect on the deposition of the Sydney Basin strata (Bray et al. 
2010; Fergusson et al. 2011). While there is an undeniable trend of thickening of Permian-
Triassic stratigraphy across the Lapstone Structural Complex, isochron maps of the Permian 
Illawarra Coal Measures indicate that this is not a function of the complex (Bray et al. 2010). 
Further modelling of the isochron data attributes thickening to the influence of the Camden 
Syncline, which has a north/northeast plunging axis located further east (Bray et al. 2010).  
Cretaceous or younger evolution of the Lapstone Monocline is supported by palaeomagnetic 
work in the region. Magnetic orientations of the iron-bearing minerals were shown to be the 
same for samples taken on the Lapstone Monocline and from flat-lying beds on the 
Cumberland Plains (Bishop et al. 1982). Considering that magnetisation was shown to be 
independent of folding, the haematite is inferred to set a minimum age of the formation of the 
Lapstone Structural Complex (Bishop et al 1982). The magnetic directions for these samplex 
suggest, on the basis of the pole directions, that hematite formed in the Hawkesbury 
Sandstone at 15 ± 7 Ma. Complementing these results is palaeomagnetic evidence providing 
a maximum age of formation for the Lapstone Structural Complex. A thermal event in the 
mid-Cretaceous instigated a basin-wide magnetic overprint for sedimentary sequences, 
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imposing a consistently directed northward magnetic signature on untilted, Permian-Triassic 
strata in the Sydney Basin (Schmidt et al. 1995). Samples of grey shale from the upper 
Hawkesbury Sandstone unit taken from the Lapstone Monocline were shown to deflect the 
direction of this overprinting event, leading to the conclusion that major movement along the 
Lapstone Structural Complex post-dates the mid-Cretaceous (~90 Ma) (Schmidt et al. 1995).  
 
With the Lapstone Structural Complex at the front of the Blue Mountains Plateau, it is 
construed that the two features were created as a result of the same uplift event (Fergusson 
2011). Basalt flows on the Blue Mountains Plateau were shown to cap a relatively flat 
surface, with preserved relief remarkably different to the deeply incised, present-day 
topography (Van der Beek et al. 2001). K-Ar dating of the basalts indicated the basalts are of 
mid-Miocene age (20.1 – 14.5 Ma) and share a common magma source (Van der Beek 2001). 
The contrasting landscape development was used to infer incision rates for the region (≤40 
mm.yr-1), which were used to estimate the rate of knickpoint retreat up the river gorges (Van 
der Beek 2001). Extrapolation of the knickpoint retreat rates provided a maximum estimate of 
age, indicating major knickpoints on the Blue Mountains Plateau initiated from the Lapstone 
Structural Complex between 48 and 71 Ma (Van der Beek et al. 2001). The high rates of river 
incision on the Blue Mountains Plateau are a result of Cenozoic uplift, where rejuvenation of 
streams and increased weathering contributed to the highly incised, present-day topography. 
Evidence from the Blue Mountains Plateau thus reinforces the notion of a Cenozoic timing of 
formation for the Lapstone Structural Complex.  
While much work has been carried out on the Lapstone Structural Complex, the majority of 
authors worked under the assumption that the structure had a profound effect on Permian 
sediment deposition (Branagan and Pedram 1990, Pickett and Bishop 1992, Van der Beek et 
al. 2001).  Any explanation needs to encompass the Late Cretaceous to Paleogene/Neogene 
timing as well as a compressive stress regime indicated by the abundant reverse faults. The 
most plausible interpretation based on the current evidence is put forward by Fergusson et al. 
(2011), who suggested uplift may have been initiated by the establishment of a west-dipping 
subduction zone in the Southwest Pacific at 45 Ma.  
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2.5 The Hornsby Warp 
In contrast to the Lapstone Structural Complex, the Hornsby Warp has received much less 
attention. The structure of the Hornsby Warp is simply defined as the boundary between the 
Cumberland Basin and the Hornsby Plateau with no further investigations (Jones and Clarke 
1991). A number of curved lineaments trending northeast and southeast were identified in the 
Hawkesbury Sandstone in proximity to the Hornsby Warp during fracture analysis of the 
Hornsby Plateau (Mauger et al. 1984). These lineaments are analogous to fractures observed 
in the Hawkesbury Sandstone south of the Cumberland Basin, where the edge of the basin 
meets the Woronora Plateau (Jones and Clarke 1991). The age of the formation of the 
Hornsby Warp is little mentioned in the literature. 
 
Downstream of the study area, the Paleogene Maroota sands have been capped by a basaltic 
flow and subsequently uplifted. K-Ar dating of the Maroota Basalt gave an age of 45 ± 1 Ma 
(Graham et al. 2010). The Maroota Sands were deposited by the same Hawkesbury/Nepean 
river system that deposited the Rickabys Creek Gravel prior to movement of the Hornsby 
Plateau. Thus the age of the basalt which caps the Paleogene Maroota Sands provides a 
maximum age estimate for the uplift of the Hornsby Plateau and formation of the Hornsby 
Warp. 
2.6 - The Role of the Paleogene/Neogene sediments 
The Rickabys Creek Gravel is an unconsolidated to semi-consolidated unit with a patchy 
distribution across the study area. It outcrops on the topographically impressive Lapstone 
Monocline, the topographically subdued Hornsby Plateau, as well as the low-lying 
Cumberland Plains. Uplifted deposits of the Rickabys Creek Gravel have a geometry that 
suggests placement prior to uplift, and are thus the key to constraining the timing of 
formation of the Lapstone Structural Complex and the Hornsby Warp (David 1897, Schmidt 
et al. 1995, Fergusson et al. 2011). A proposed model of evolution for the Lapstone Structural 
Complex focused on a Permian-Triassic or older feature that was buried at depth (Pickett and 
Bishop 1992). It was suggested that the Rickabys Creek Gravel was deposited during the 
erosion of cover and unearthing of the structure – negating the usefulness of the unit in 
constraining the age of formation (Pickett and Bishop 1992). It is argued on the basis of 
interpretation of reprocessed seismic data (Bray et al. 2010) that the Lapstone Structural 
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Complex is much younger than the Sydney Basin succession and is possibly syn-depositional 
with the Rickabys Creek Gravel.       
Dating the gravels would therefore place a cap on the timing of formation of the Lapstone 
Structural Complex and Hornsby Warp, yet this has proven a difficult task. As the clasts are 
sourced from the Lachlan Fold Belt to the west, any dates gathered from inclusions will be 
much too old – thus any hope of dating the gravel will need to be carried out on the matrix. 
However, the matrix of the unit is highly weathered and has thus far defied all attempts at 
dating using palynology (Pickett and Bishop 1992). Efforts to use pebble imbrication to 
deduce whether the gravels were folded with the monocline or deposited post-folding were 
also unsuccessful, although it was concluded that the pebbles were deposited in a braided 
stream system (Bishop and Hunter 1990).  
 
2.7 - Course of the Cretaceous to Paleogene/Neogene River System 
Clasts of up to 0.8 m have been observed in the Rickabys Creek Gravel, suggesting the 
Cretaceous to Paleogene/Neogene River was a high energy system. Reworking of the 
Rickabys Creek Gravel into Quaternary terraces actively occurred up to OIS3 or 24 – 59 ka 
(Nanson et al. 2003). In comparison, the present day Hawkesbury-Nepean system is 
relatively inactive, not possessing the energy to transport such large clasts (Nanson et al. 
2003). Deposits of the Paleogene/Neogene Rickabys Creek Gravel have been used to infer 
the direction of the ancient river system; with Jensen (1911) noting the north-east trending 
outcrops of gravel formed a trajectory linking the Nepean Gorge (where the river leaves the 
Blue Mountains) to where the Hornsby Warp is dissected (Figure 5). The geometry of 
surficial outcrops of the Rickabys Creek Gravel indicate quite a different path from the 
present day system, with stream derangement due to the uplift of surrounding topographic 
features (Hickin 1970) or the development of a depression north-west of Jensens’ (1911) 
proposed course (Hall 1926) likely factors.       
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Figure 5 – White dashes indicate the proposed course of the Cretaceous to 
Paleogene/Neogene River as inferred by Jensen (1911). The Rickabys Creek Gravel 
highlighted in red, displays a north-east trend linking the dissected plateaus.   
 
Drainage patterns of the Cretaceous to Paleogene/Neogene River system have been used to 
infer an apparent antiquity for the Lapstone Structural Complex. Incised valleys on the Blue 
Mountains Plateau cut deep into resistant Hawkesbury Sandstone, with the Nepean diverting 
its course from the Cumberland Basin and entering the frontal edge of the Lapstone Structural 
Complex at Wallacia, before joining the Warragamba River. Using their proposed model of 
evolution of the Lapstone Structural Complex described above, Pickett and Bishop (1992) 
concluded that the river is a consequence of the unearthing of the Lapstone Structural 
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Complex, where the inflection reflects the initial erosion into the Hawkesbury Sandstone as 
cover was removed. Considering the reprocessed seismic data and an earlier timing of 
formation of the Lapstone Structural Complex, the idea of the river being a product of a pre-
uplift meandering system that was maintained during the formation of the complex cannot be 
discounted (Langford-Smith 1976). Apatite (U-Th)/He ages taken from the plateau around 
Bathurst (west of the Blue Mountains) imply rapid denudation rates at 120-90Ma, resulting in 
more than 3km of crust being stripped and transported to the east (Persono et al. 2006). This 
volume of material requires a considerable driving force to relocate, supporting the notion of 
an ingrained river system across the Blue Mountains Plateau that was sustained as uplift 
began. At the onset of Cenozoic uplift, the pre-uplift river system was rejuvenated and 
commenced rapid incision into the sandstone, resulting in the high relief topography of the 
present day. Interpolated mean fission track lengths of >14 µm measured in apatite samples 
suggest the region underwent a rapid cooling episode at around 50 Ma, which is indicative of 
high denudation rates (Gleadow et al. 2002). Supporting the high erosion rates is the 
extrapolated denudation rates of the Blue Mountains Plateau, which implies the initiation of 
knickpoints on the Lapstone Structural Complex between 48 – 71 Ma (Van der Beek 2001). 
The concept of a Cretaceous river system that was rejuvenated by uplift in the 
Paleogene/Neogene is thus reinforced by elevated erosion rates across the Blue Mountains 
Plateau.     
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Chapter 3 – Methodology 
3.1 - Data Collection, Storage and Management 
Data pertaining to the region was collected from a variety of sources. A digital version of the 
Penrith 1:100,000 Geological Map is available from the NSW Department of Primary 
Industries (http://www.dpi.nsw.gov.au). Accompanying explanatory notes were also available 
from the site through the DIGS archiving tool. Topographic data was sourced from the 
Department of Lands Digital Topographic Database (termed DTDB). This database contains 
spatial data of natural, physical and cultural features within the area. Feature classes utilised 
from the DTDB include road segments, hydrographic areas and lines, place areas and a 10 m 
contour map. A raster topographic map from the Shuttle Radar Topography Mission (SRTM) 
was also included as a supplementary elevation data source. Finally, the Pinneena 3.2 
Groundwater Works DVD was purchased from the NSW Office of Water. The DVD contains 
records of all boreholes across the state, which needed to be manipulated for the purposes of 
the project. The raw data is also available on the NSW Office of Water website 
(http://www.water.nsw.gov.au/Realtime-reports.aspx), however, it is not in a format 
compatible with ArcGIS.     
Each file was imported into a personal geodatabase for storage over the duration of the 
project. One of the many advantages of using a geodatabase is that related data is maintained 
in an effective and efficient manner to be accessed when needed. This acted as the 
foundations of the thesis, with layers being added to the geodatabase as they were completed. 
Another advantage of a geodatabase is that the spatial relationships of the data are preserved. 
Each file within the geodatabase is referenced to the GDA94 datum, the standard 
geographical co-ordinate system for Australia.  
One outcome of this thesis was the production of a digital data package that accompanies the 
report. All new data created as a result of this project was submitted to the Spatial Analysis 
Laboratories at the University of Wollongong, along with a form outlining the metadata for 
each file. It is hoped that the spatial data created during this project will aid future work in the 
region.        
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3.2 - Compiling the data 
The core aspect of the project was to utilise data contained in borehole reports. The Pinneena 
3.2 Groundwater Works DVD provides the GPS co-ordinates of each borehole, the lithology 
of the bore and the depth to each lithological unit encountered (Appendix 1). However, the 
data could not be adequately utilised in its raw form; each record was packaged as an 
individual pointfile for each lithological unit, meaning each borehole was segregated into 
numerous files. To manage this problem and to make the data package user-friendly for 
subsequent uses, relevant information was transferred from ArcGIS to an excel spreadsheet. 
Due to the nature of the data, this process could not be automated.      
A shapefile was extracted from the DVD containing all boreholes across the study region, 
totalling around 900 complete reports. Boreholes that provided adequate information were 
entered into an excel spreadsheet, with logs that were too shallow, contained erroneous units 
or simply not present were deleted – resulting in a database of 348 drilling records across the 
study area (Figure 7). Many of the boreholes on the current floodplain of the Hawkesbury 
Nepean River bottomed out in the basal gravel unit of the Quaternary sediments and are thus 
representative of the minimum depth of the unit.  
18 
 
 
Figure 7 – Locations of the 348 boreholes compiled into the dataset shown as blue points. 
Data points that were used to construct structure contours of the Hawkesbury Sandstone 
shown as yellow points.   
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The compiled dataset of borehole information contained 17 columns (Appendix 1), with a 
brief description of each provided below. Stratigraphic units were not listed in the driller 
records, and thus had to be interpreted from the lithological information as well as the Penrith 
1:100,000 Geological Map and explanatory notes. Units were classified as Hawkesbury 
Sandstone, Wianamatta Group, Rickabys Creek Gravel, Londonderry Clay and Quaternary 
sediments. The Mittagong Formation, while observed in some borehole records, was often 
absent from the lithological data and was thus omitted from the spreadsheet. Once compiled, 
the spreadsheet was further manipulated to find the elevation values of a unit and its 
thickness. By subtracting the depth to each unit from the boreholes elevation, the height 
above sea level was found. Thickness values were calculated in a similar method; only if the 
full extent of the unit was present – in other words, if the underlying stratigraphic unit was 
identified.  
 Columns created for the spreadsheet include:   
• Work_no – The Groundwater Works serial number of the drilled bore. This is used as 
a reference number to the Groundwater Works DVD, which contains all the original 
borehole records. 
• Latitude – The latitude of each borehole, given to 6 decimal places. The GPS co-
ordinates of each borehole are provided at the time of drilling by the operator. 
• Longitude – The longitude of each borehole, given to 6 decimal places. 
• Elevation – The height above sea level (m) of each borehole. Elevation values were 
inferred from a combination of a topographic contour map sourced from the 
Department of Lands Topographic Database and a raster SRTM image. 
• Quat_top – The uppermost Quaternary unit for each borehole (mASL). Represents the 
topographic surface as these are the youngest units in the region. 
• Quat_base – The base of Quaternary sedimentation (mASL). This was generally 
identified by the basal gravel unit prevalent in most of the Quaternary units.  
• Quat_thick – The thickness of Quaternary sedimentation displayed by the borehole 
(m).  
• Tl_top – The top of the Londonderry Clay unit (mASL). For boreholes drilled on the 
Paleogene/Neogene terrace, this value represents the topographic surface. 
Londonderry Clay at depth was identified by the characteristically laterised profile, as 
well as the change from Quaternary sands and gravel to a finer unit. 
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• Tl_base – The base of the Londonderry Clay (mASL). In some records, a transitional 
clayey-sand boundary was observed between the Londonderry Clay and underlying 
Rickabys Creek Gravel. The base of the Londonderry Clay was taken as the lowest 
instance of clay within the drill hole – limited by the sand facies. 
• Tl_thick – The thickness of the Londonderry Clay (m). 
• Tr_top – The top of the Rickabys Creek Gravel (mASL). This unit was identified by 
abundant gravel in a sandy matrix. As such, the gradational boundary between the 
Londonderry Clay and the Rickabys Creek Gravel was divided by the presence of 
sand. 
• Tr_base – The base of the Rickabys Creek Gravel (mASL). An easily identifiable 
boundary between instances of gravel and underlying shale. 
• Tr_thick – The thickness of the Rickabys Creek Gravel (m). 
• Wg_top – The top of the Wianamatta Group (mASL), which includes the Bringelly 
Shale, the Minchinbury Sandstone and the Ashfield Shale. As the Minchinbury 
Sandstone is a thin unit with a thickness of generally >3 m (Jones and Clarke 1991), 
drilling records did not always indicate its presence. This unit is identified by the shift 
from clay or gravel to dark shale. 
• Wg_base – The base of the Wianamatta Group (mASL), representing the bottommost 
limits of the Ashfield Shale.     
• Wg_thick – The thickness of the Wianamatta Group (m). 
• Hs_top – The top of the Hawkesbury Sandstone (mASL) and the extent of the 
investigation. The Hawkesbury Sandstone was clearly distinguished from the 
overlying Wianamatta Group, containing large units of coarse sandstone with limited 
shale lenses.  
 
3.3 – Creating Subsurface Layers 
Before interpolations could be performed on the data, further processing was applied. ArcGIS 
will not complete the interpolation if one or more points from the dataset contain a NoData 
value. Thickness values that were not calculated in excel were given a value of 0, meaning 
the unit was not present. This approach did not work for depth values, as a value of 0 meant 
the unit was present at 0 mASL. Thus separate excel sheets had to be made for each unit 
containing only the drill holes where the unit was present.      
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Borehole data was limited in the region to the north of the Hornsby Warp, where the units are 
predominantly Wianamatta Group and Hawkesbury Sandstone. Points were created along the 
contact of the Wianamatta group and the Hawkesbury Sandstone, giving a HS_top value of 0, 
with elevation values taken from the 10 m topographic map. A total of 660 supplementary 
points were added in the northern region of the study area (Figure 7), allowing an accurate 
determination of the structure contours of the Hawkesbury Sandstone. 
 
Interpolations were performed using the modified points, resulting in surfaces showing depth 
and thickness values. Thickness surfaces were created for the Quaternary sediments, the 
Londonderry Clay and the Rickabys Creek Gravel. The insufficient spread of data limited the 
usefulness of Triassic thickness surfaces. Likewise, structure contours were only created for 
the tops of the Rickabys Creek Gravel, the Wianamatta Group and the Hawkesbury 
Sandstone. As the Londonderry Clay and Quaternary sediments outcrop across the region, 
depth surfaces of these units would reflect the topographic landscape. The natural neighbour 
method was chosen for all interpolations as it performs well with irregularly spaced data and 
the final surface does not contain values greater/less than input values – the algorithm assigns 
values based on the proximity of points, but does not infer trends (ESRI 2011).       
 
 
3.4 – Drawing Cross-Sections 
Once the subsurface layers were finalised, they were used to construct cross-sections 
throughout the region. Transects were generally drawn across areas of topographic 
significance – the Lapstone Structural Complex, the Hornsby Warp and Paleogene/Neogene 
and Quaternary terraces. Two types of cross-sections were drawn for the project – large, 
broad scale lines with a great degree of vertical exaggeration were used to traverse the study 
area, shedding insight on the subsurface geology of the region. Smaller, more precise lines 
with no vertical exaggeration were used to display structures of the region, where dips could 
be accurately measured from the resulting cross-section.  
 
To create the lines, topographic information was taken from the 10 m contour map and 
transcribed to graph paper. Next, cross-sections of the subsurface layers presented above 
were performed on the fly using the interpolate line tool. A projected co-ordinate system was 
used for this step of the project. The GDA94 MGA Zone 56 projection was chosen as it uses 
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meters as a basis for measurement as opposed to decimal degrees or latitude/longitude – thus 
distances measured were presented in metric units. In this sense, the geometry of each unit 
was calculated and displayed as a line graph. Units were added sequentially to the cross-
section, from youngest to oldest. Discretion was taken when adding each unit, as due to the 
nature of interpolations there were bound to be some conflicts. These were solved objectively 
using the geological map as well as drill holes in the proximity.  
 
 
3.5 – Fieldwork and Groundtruthing  
Multiple, single-day field trips were carried out over the course of the project, with sites of 
interest made into an image (Figure 8; Appendix 2). Approximately one weeks of field study 
was undertaken. Initial work involved observing critical relationships along the Lapstone 
Structural Complex and the broad trends of Triassic strata throughout the region. These sites 
were partly chosen on the sites recommended by Branagan and Packham (2000). Secondary 
fieldwork was performed after completing the analysis of subsurface layers. This work 
focused on groundtruthing discrepancies between the borehole data and the geological map. 
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Figure 8 – Important sites observed during fieldwork, numbers correspond to site description 
(Appendix 2). 
Borehole data indicated Londonderry Clay occurs at depth in three records on the lower limb 
of the Lapstone Monocline (Figure 8, Box A). The deposition of Paleogene/Neogene 
sediments are thought to pre-date the timing of formation of the Lapstone Structural 
Complex, thus the age of the Londonderry Clay is of  great significance, acting as a time 
constraint. As a result, palaeomagnetic testing of the Londonderry Clay was undertaken at 
sites 18 and 24 (Figure 8).  
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Chapter 4 - Results 
4.1 Structure contours 
Structure contours of the Hawkesbury Sandstone and the Wianamatta Group were 
constructed using the depth to the top of each respective unit (Figures 9, 10). These figures 
show the basement geology of the study area. The structure contour maps are presented in 
stratigraphic order. 
 
The structure contour map of the top of the Hawkesbury Sandstone extends across the 
Cumberland Basin and Hornsby Warp (Figure 9). Inadequate borehole data on the Lapstone 
Structural Complex limited the contour information west of the Cumberland Basin. A basin 
developed in the Hawkesbury Sandstone is observed towards the centre of the study region. 
This is the northern extent of the poorly defined Penrith Basin, which was first defined along 
the -30 m contour at the base of the Wianamatta Group, that is, the top of the Hawkesbury 
Sandstone (Willan 1923). Further work indicates that the Penrith Basin is a subset of the 
Cumberland Basin, representing a north-trending depression that is bounded by the Hornsby 
Warp and a structural high to the south (not shown on Figure 9) (Jones and Clarke 1991).              
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Figure 9 – Structure contour map of the top of the Hawkesbury Sandstone using 10 m 
contours shown on the geological map of the study area (from the Penrith 1:100,000 
geological map). Values were derived from borehole records and supplementary points 
plotted along the contact of the Hawkesbury Sandstone and Wianamatta Group, especially in 
the northern parts of the study area.  
 
The structure contour map of the top of the Wianamatta Group displays the surface at the 
base of the Paleogene/Neogene succession (Figure 10). Contours of the Wianamatta Group 
on the Hornsby Warp are of limited use, as they display the present-day topographic land 
surface which has been affected by erosion. An enclosed 10 m contour in the centre of the 
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study region indicates a basin developed in the Wianamatta Group strata. This depression, 
hypothesised by Hall (1926), would have had a profound effect on the fluvial activity of the 
Cretaceous to Paleogene/Neogene River system, altering the course of the river to the 
topographic low. Contours south of Cenozoic sediments increase in elevation whereas to the 
north and the west, the basin is abruptly terminated by the Hornsby Warp and Lapstone 
Structural Complex respectively. This indicates that these topographic features had already 
begun to form as the basin developed. This basin has not been defined in literature, and it is 
proposed herein that it be called the Londonderry Basin, after the town of Londonderry which 
is located at the centre of the structural low. This basin has provided the impetus for the most 
extensive Cenozoic sediment deposition in the Sydney Basin, apart from along the coast line.        
 
Figure 10 – Structure contour map of the top of the Wianamatta Group using 10 m contours 
shown on the geological map of the study area (from the Penrith 1:100,000 geological map). 
Values were derived from borehole records drill across the region.  
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4.2 Isopach maps 
Isopach maps were created using the natural neighbour algorithm to interpolate the thickness 
of a unit presented in borehole records. Control points were added where the thickness of a 
unit was known to be 0 m to confine the interpolated values to the relevant sample space. 
Contoured isopach maps are offered in the appendix however, they are of limited use as 
localised artefacts within the data are emphasised (Appendix 3, 4). Isopach maps are 
presented and described below in stratigraphic order: 
 
The thickness of the Rickabys Creek Gravel varies from a maximum thickness of 17.2 m on 
the southern bank of the Paleogene/Neogene terrace and thins northwards to 2 - 3 m (Figure 
11). The trend of maximum thickness in the Rickabys Creek Gravel follows Jensen’s (1911) 
proposed path of the river based on the north-east trending outcrops of the unit (Figure 5). 
However, the subsurface extent of the Rickabys Creek Gravel as shown by Jones and Clarke 
(1991), and confirmed by the borehole analysis in the present study, is much greater than that 
considered by Jensen (1911). Presumably the Cretaceous to Paleogene/Neogene River system 
was indeed developed in part along the course proposed by Jensen (1911), but details of the 
ancient river geometry remain difficult to establish given the sheet-like geometry evident 
from the isopach map.  
 
The geometry of the Londonderry Basin is indicated by the structural contour map at the base 
of the Cenozoic sediments (Figure 10). This map shows the significance of the Hornsby 
Warp and the Lapstone Structural Complex in the development of the Londonderry Basin as 
both features clearly delimit the basin. It is proposed that the Londonderry Basin formed 
synchronously with the deposition of the Rickabys Creek Gravel, the bulk of the unit was 
deposited along the southern reaches of the Paleogene/Neogene terrace, associated with uplift 
of the Hornsby Plateau and development of the Lapstone Structural Complex (see Chapter 5). 
As basin development was initiated, it is proposed that the course of the river shifted 
northwards from the thalweg along the southern side of the Rickabys Creek Gravel south of 
Londonderry, resulting in the thinning of the gravel. Continuing deposition of the Rickabys 
Creek Gravel would have resulted in the basin being filled with gravel rather than being 
overlain by Londonderry Clay. Therefore, it is concluded the deposition of the Rickabys 
Creek Gravel ceased shortly after the development of the Londonderry Basin.     
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Figure 11 – Isopach map of the Rickabys Creek Gravel, derived from interpolated borehole 
records, shown on the geological map of the study area (from the Penrith 1:100,000 
geological map).  
 
In contrast to the Rickabys Creek Gravel, the Londonderry Clay thins to the south (Figure 
12). The maximum thickness of 17.1 m is observed in the northeast section of the 
Paleogene/Neogene terrace. The thickness decreases to the south, where Londonderry Clay 
outcrops upstream of South Creek and Rickabys Creek, tributaries to the current 
Hawkesbury-Nepean River. Due to limited borehole data in the south of the study area, the 
full extent of the Londonderry Clay is not displayed. The unit, denoted by Tl on the Penrith 
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1:100,000 geological map, outcrops for a further 5 km south of the interpolated isopach 
values. In this location, Londonderry Clay directly overlies the Wianamatta Group. Thinning 
is inferred to extend to these outcrops, with the unit eventually tapering off.  
 
 
Figure 12 – Isopach map of the Londonderry Clay, derived from interpolated borehole 
records, shown on the geological map of the study area (from the Penrith 1:100,000 
geological map). 
 
4.3 Cross Sections 
Cross sections representative of the study area (Figure 13) were drawn by hand, as described 
earlier. These lines were scanned and digitised using GIMP, an image manipulation program 
available publically (www.gimp.org). Detailed work has accurately defined the structure of 
the Lapstone Structure Complex (Branagan and Pedram 1990; Fergusson et al. 2011). In 
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comparison, the structure of the Hornsby Warp and the Londonderry Basin is poorly defined 
in literature (Smith 1979; Jones and Clarke 1991). These features were investigated by 
creating transects based on the Penrith 1:100,000 Geological Map and the structure contour 
and isopach maps presented above.     
 
Figure 13 – Location of cross sections A-A’ (Figure 14), B-B’ (Figure 15) and C-C’ (Figure 
16) with respect to the Hornsby Warp and the Londonderry Basin. 
 
 
The Hornsby Warp was shown to have no deformation associated with uplift (Figure 14). A 
gentle dip of 2o to the south was measured in the Triassic Hawkesbury Sandstone. The lack of 
deformation across the Hornsby Warp implies that the formation of the Hornsby Warp is 
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solely due to vertical uplift. Quaternary sediments are clearly constrained by uplift of the 
Hornsby Warp, with deposition restricted to the Londonderry Basin.     
 
Figure 14 – Cross section A-A’ with no vertical exaggeration. The transect cuts across the 
Hornsby Warp, showing no sign of deformation in Triassic sedimentary units. 
 
Further north of the Hornsby Warp, two monoclinal flexures are observed in Permian-
Triassic strata (Figure 15). Both flexures display an offset of the Ashfield Shale by 30 – 40 
m. It has been shown that the uplift of the Hornsby Warp did not deform the Permian-Triassic 
basement geology of the region (Figure 14). Thus, these lineaments are interpreted as the 
interaction between the already uplifted Hornsby Plateau and the emerging Lapstone 
Structural Complex.          
 
 
Figure 15 – Cross section B-B’. Highlights one of the monoclinal flexures observed on the 
Hornsby Plateau (Mauger et al. 1984).  
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Basement structures of the Londonderry Basin were examined (Figure 16). In this cross 
section, the upper extents of the Penrith Basin are displayed underlying the 
Paleogene/Neogene terrace. The Londonderry Basin at the base of the Wianamatta Group is 
well defined, with Cenozoic deposition confined to the topographic low of the basin. It is 
concluded that the Londonderry Basin initiated in response to the uplift of the surrounding 
plateaus, the Hornsby Warp to the north, the Lapstone Structural Complex to the west and a 
northeast-trending structural high to the south, exhibited by thickening of the Wianamatta 
Group (Figure 16).  
 
 
 
 Figure 16 – Cross section C-C’. Displays the basement geology of the Londonderry Basin 
and heavily dissected Paleogene/Neogene terrace.  
 
 
 
 
 
C  C’ 
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Chapter 5 – Discussion of results 
5.1 – Tracing the course of the river 
The geometry of the Rickabys Creek Gravel gives insight into the course of the river system. 
An isopach map of the Rickabys Creek Gravel (Figure 11) was developed using data 
contained in the borehole spreadsheet. The thalweg of the ancient river system is indicated by 
the area of greatest deposition of the gravel – taking a more direct path across the 
Cumberland Plains than the present course of the river. The Rickabys Creek Gravel thins 
northwards (Figure 11), as observed by Smith (1979). Presumably this reflects deposition in 
the thalweg, followed by the migration of the river channel and gravel deposition to the 
northwest. The thinning of the gravel reflects infilling of the basin northwestwards, as shown 
by structural contours at the base of the Cenozoic sediments (Figure 10). Continued 
deposition of the Rickabys Creek Gravel occurred until damming of the region ceased gravel 
deposition, resulting in a new, relative base-level rise for the basin and instigated the 
deposition of the Londonderry Clay.   
 
5.2 Volume of gravel in the Londonderry Basin 
The isopach map of the Rickabys Creek Gravel was used to calculate an approximate volume 
for the unit. The Rickabys Creek Gravel has an average thickness of 9m, calculated using 
values recorded in borehole data, over a total area of 133 km2, giving a volume of 1.197 km3. 
Outlying points on the Lapstone Monocline and Pitt Town Terrace were excluded from this 
calculation, as they resulted in an unjustified larger volume. Thus, the estimate is at best, a 
minimum volume for Lachlan Fold Belt material. Similarly, reworked gravels in the 
Quaternary deposits, which would contribute to the overall amount of Rickabys Creek Gravel 
initially transported, were not included as beds were neither as extensive nor as prevalent. 
Despite this, the resulting volume is a considerable amount of material that has been 
transported more than 50 km from the Lachlan Fold Belt to the Cumberland Basin.         
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5.3 – Effect of tectonic controls on Cenozoic sediments 
Tectonic activity in the region has had a profound impact on Cenozoic deposition, with the 
formation of the Londonderry Basin in the upper Sydney Basin sequence confining the 
majority of Cenozoic sedimentation. The Hornsby Warp bounds the Londonderry Clay and 
Quaternary sediments, while having little to no effect on the Rickabys Creek Gravel, which 
outcrops on the Hornsby Plateau (Figure 2, 11). In comparison, both the Rickabys Creek 
Gravel and the Londonderry Clay both outcrop on the uplifted Lapstone Monocline. Again, 
Quaternary sediments are noticeably controlled by this feature. This pattern of distribution 
implies two distinct periods of uplift have occurred – an initial period of uplift of the Hornsby 
Plateau and Warp, and a secondary period of uplift of the Blue Mountains Plateau from 
accompanying formation of the Lapstone Structural Complex.    
Deposition of the Rickabys Creek Gravel was largely confined to the Paleogene/Neogene 
terrace (Figure 11), whereas Londonderry Clay overlies the Bringelly Shale to the south 
(Figure 12). These outcrops are confined to areas upstream of tributaries along the 
Hawkesbury River, suggesting the establishment of a new relative base level was the cause of 
deposition for the Londonderry Clay. Damming of the region would result in the 
submergence of the Londonderry Basin, as well as tributaries of the Hawkesbury-Nepean 
River. A hypothesised model of deposition was given by Hall (1926) that involved a 
lacustrine setting, where damming of the Hawkesbury/Nepean River system was produced by 
uplift of the Hornsby Plateau, resulting in flooding of the Londonderry Basin.  
A similar model has been proposed for the Lake George, northeast of Canberra, where a 
faulted depression altered the fluvial environment to a lacustrine setting (Abell, 1991). In this 
case, Paleogene/Neogene sediments outcrop on a weathered plain, grading from silicified 
gravel through to mottled clay – somewhat comparable to the Paleogene/Neogene 
stratigraphy of the Cumberland Basin. Abell (1991) recognised three major units in the 
stratigraphy of Lake George – basal gravel, an intermediary sand-clay unit that fines upwards 
and a clay unit with sparse gravels. Although the transitional sand-clay unit is not a distinct 
unit in the Cumberland Basin, the gradational boundary is recognised where the Londonderry 
Clay overlies the Rickabys Creek Gravel (Jones and Clarke 1991). The Paleogene/Neogene 
stratigraphy of the Cumberland Basin shares remarkable similarities to the Lake George 
stratigraphy, in both the description of the units as well as geological setting, that is, a basin 
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bounded by uplifted topographic structures. As the deposition of the Londonderry Clay 
appears to be controlled by the Hornsby Warp, Halls’ (1926) hypothesis is entirely plausible.             
 
5.4 – Proposed geological history 
A revised geological history of the Londonderry Basin, taking into account the isopach maps 
and structure contours, can now be presented. Considering the evidence presented in this 
thesis, as well as relevant earlier work, a modified version of Halls’ (1926) original 
hypothesis is followed herein. Further work is required to determine reliable ages for the 
Rickabys Creek Gravel and Londonderry Clay before any substantial explanation can be 
offered for the evolution of the region. A simple diagram by Hall (1926) outlines the steps of 
evolution for the area (Figure 17).   
 
Figure 17 – Evolution of the Windsor district, from Hall (1926, figure 7). 
A prevailing river system existed across the Blue Mountains region prior to uplift. This river 
transported a large volume of gravel from the Lachlan Fold Belt. It was clearly a high energy 
braided system consistent with the limited sedimentological work presented by Bishop and 
Hunter (1992). Deposition of the gravel across the Cumberland Basin occurred in the 
Paleogene period, with indicators of the ancient course of the river dictated by current 
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outcrops of the Rickabys Creek Gravel as well as the thickness map created using the 
borehole data (Figures 5, 11). At this stage, deposition of the Maroota Sand was actively 
occurring downstream (Figure 18) (Graham et al. 2010). During the deposition of the 
Rickabys Creek Gravel, uplift of the Hornsby Plateau was initiated and the Hornsby Warp 
was formed. The gentle dip of the Hawkesbury Sandstone across the Hornsby Warp and the 
absence of any evidence for deformation suggest that formation of the Hornsby Warp was 
exclusively vertical uplift, with no folding of the Permian-Triassic strata. Sporadic alkaline 
volcanism across the Sydney Basin, and indeed on the Hornsby Plateau, occurred 45 – 55 Ma 
(Graham et al. 2010), with one flow capping the Maroota Sand. Numerous basaltic flows in 
the region may have provided the impetus for the uplift of the Hornsby Plateau, with further 
isostatic adjustments taking place on account of increased erosion. This notion is supported 
by apatite cooling records, which suggest the Sydney Basin experienced continued 
denudation throughout the Cenozoic (Gleadow et al. 2002). Uplift would have been a gradual 
process, with the river maintaining its course through the Hornsby Warp until the 
Londonderry Basin was eventually flooded, resulting in the cessation of gravel deposition. 
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Figure 18 – Location of the Maroota Sand (outlined in red) in regards to the Penrith 
1:100,000 Geological Map. 
 
Whilst uplift was occurring, a depression developed around the Richmond area (Figure 9). 
According to Smith (1979), this was a result of subsidence, although it could equally have 
been caused by uplift of the surrounding areas. To the south of the Paleogene Londonderry 
basin and the Penrith 1:100,000 Geological Map, a structural high dissects the Permian-
Triassic Cumberland Basin (Jones and Clarke 1991). A hingeline of northeast-trending 
volcanic intrusions has been cited as the cause of uplift (Jensen 1911). This, coupled with the 
initiation of movement on the Lapstone Structural Complex, would create a relative 
depression in the region bounded by the Hornsby Warp, the Lapstone Structural Complex and 
a structural high in the Permian-Triassic basement to the south of Penrith and extended 
northeastwards to Prospect. The effects of such a depression slowly changed the course of the 
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river, shunting it to a passage similar to the present day. A reduction in the energy of the 
system followed, with the slight change impacting the rivers ability to continually erode a 
path through the gradually uplifting Hornsby Warp. As a result the river system was dammed 
by the Hornsby Plateau and the deposition of the Londonderry Clay commenced. Eventually, 
persistent erosion wore through the Hornsby Warp, allowing the lake to be drained. The river 
system from this point in time onward was confined to its present day course, with a 
considerable amount of reworking of the Paleogene/Neogene units.    
As stated above, the formation of the Lapstone Structural Complex and uplift of the Blue 
Mountains Plateau is likely to have commenced whilst the area was being dammed. 
Movement was not completed until after the area was drained, as evidenced by the outcrop of 
the Londonderry Clay on the lower limb of the Lapstone Monocline. Seismic data shows that 
the Lapstone Structural Complex was a product of a compressive stress regime (Bray et al. 
2010), thus any explanation into the cause of uplift needs to encompass this.  
 
5.5 – Constraining the timing of uplift 
Evidence relating to the three main features of the study area, that is, the Hornsby Warp, the 
Lapstone Structural Complex and the Paleogene/Neogene Terrace, was evaluated to constrain 
the age of formation of each structure and subsequently used to investigate the possible 
mechanisms of development. Attempts to directly date critical units in the region have so far 
been unsuccessful, thus other forms of age constraint need to be used. 
Little previous work has been carried out on the Hornsby Warp, resulting in limited 
knowledge of its formation. The uplifted Maroota Sand unit, which is capped by the Maroota 
Basalt, provides the only way to constrain the timing of uplift. The geometry of the basalt 
flow indicates an eruption event prior to uplift, with K-Ar dating giving an age of ~45 Ma 
(Graham et al. 2010). This eruption was part of a widespread thermal event that affected the 
Sydney Basin from 55 – 45 Ma, which has previously been invoked to explain the uplift of 
the south eastern highlands of Australia (Jones and Veevers 1982). Formation of the Hornsby 
Warp is therefore considered to be a product of this thermal event, with uplift of the Hornsby 
Plateau resulting in a gently dipping basement of the Hornsby Warp (Figure 13).   
A number of studies give the Lapstone Structural Complex a minimum timing of uplift. 
Geochemical and K-Ar data suggest that basalts on the Blue Mountains Plateau are a result of 
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an eruption event 20.1 – 14.5 Ma (Van der Beek et al. 2001). Examples of flows being 
controlled by paleovalleys indicate incision of the plateau had occurred prior to these 
eruption events (Van der Beek et al. 2001). Palaeomagnetic evidence indicates that haematite 
was introduced to already folded sandstone beds on the Lapstone Monocline at 15 ± 7 Ma 
(Bishop et al. 1982). Conversely, palaeomagnetic data shows that iron-bearing minerals in the 
Hawkesbury Sandstone were affected by the Mid-Cretaceous magnetic overprint prior to 
deformation, thus tilting of strata must have occurred after this event at 90 Ma (Schmidt et al. 
1995).  
Extrapolation of knick-point retreat rates on the Blue Mountains Plateau also confers with 
these palaeomagnetic confines, with initiation of retreat proposed to be a maximum of 71 – 
48 Ma (Van der Beek et al. 2001). Due to the nature of the Lapstone Structural Complex, the 
abundant reverse faults indicate formation was a result of a compressive stress regime. 
Fergusson et al. (2011) suggested formation began as a response to development of a west-
dipping subduction zone in the Southwest Pacific Ocean at 45 Ma. Considering the 
constraints of uplift, as well as the proposed model of evolution described in this thesis, a 
Paleogene timing of uplift for the Lapstone Structural Complex is likely. This coincides with 
elevated denudation rates across the plateau at this time (Tomkins et al. 2007), which would 
be expected as uplift progressed. Such uplift would rejuvenate streams across the plateau, 
leading to the high rates of incision inferred for the Paleogene/Neogene (Van der Beek et al. 
2001).    
Dating of the Paleogene/Neogene terrace has so far been unsuccessful, with attempts to 
examine the imbrication of the gravel (Bishop and Hunter 1992) providing limited 
information. Palynological studies were used to date the Quaternary Cranebrook Terrace, 
however, extensive laterization of the Rickabys Creek Gravel and Londonderry Clay means 
that the same method is unlikely to be successful. While palaeomagnetic sampling of the 
Londonderry Clay was unsuccessfully attempted in this thesis, further testing is ongoing. 
Evidence presented in this thesis supports the notion of a Paleogene timing of formation of 
the Hornsby Warp and the Lapstone Structural Complex, albeit at two different periods. 
Initial movement on the Hornsby Warp was instigated at 45 – 55 Ma, during a period of 
igneous-related uplift of the Hornsby Plateau. At this stage, the Cretaceous to 
Paleogene/Neogene River system was able to erode through the gradually uplifting Hornsby 
Warp. The development of the Paleogene Londonderry Basin in Triassic sedimentary units 
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(Figure 9) shifted the course of the river and ultimately reduced the energy of the system. 
Movement along the Lapstone Structural Complex is thought to have aided the development 
of the basin, assigning a Paleogene age to the complex. Damming of the region resulted in the 
deposition of Londonderry Clay, which is bounded by the Hornsby Warp (Figure 12). 
Outcrops of Londonderry Clay along the lower limb of the Lapstone Monocline infer that 
uplift of the Lapstone Structural Complex was active during this event, further constraining 
the age of formation to the Paleogene. 
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Chapter 6 – Summary and conclusions 
6.1 – Final Conclusions 
In summation, it is proposed that the evolution of the Londonderry Basin is as follows: 
• A substantial river system existed prior to uplift, presumably transporting some gravel 
from the Lachlan Fold Belt to the region. The pre-uplift course of the river on the 
Blue Mountains Plateau was maintained as uplift began, with deeply incised valleys 
resulting. On the Cumberland Plains, the course is shown by the areas of maximum 
gravel deposition with uplift producing an influx of detritus. 
• Uplift of the Hornsby Plateau coincided with a widespread thermal event across the 
Sydney Basin at 45 – 55 Ma. The rate of uplift is gradual, with the river maintaining 
its course through the Hornsby Warp. 
• Initiation of movement along the Lapstone Structural Complex began, corresponding 
to the reshuffling of tectonic plates in the Pacific Ocean at 45 Ma. This led to a 
relative depression forming around the Richmond area, due to the uplift of 
surrounding regions.  
• Damming of the Hawkesbury Nepean River system flooded the region, resulting in 
the deposition of the Londonderry Clay. The Hornsby Warp was eventually eroded 
through, draining the region.  
• Reworking of the northern and eastern sections of the Tertiary terrace and extensive 
Quaternary development shaped the region into the current arrangement.  
6.2 – Recommendations for the future 
Continued work in the region is necessary to fully understand the evolution of the Lapstone 
Structural Complex and the Hornsby Warp. Palaeomagnetic testing of the Londonderry Clay 
is being reattempted by Phil Schmidt, and will hopefully provide reliable results. 
Additionally, spatial data created throughout the course of this thesis can also be utilised in 
future work in the region. It is envisaged that the complex nature of the region still requires 
additional work with relative ages being the only method available to date the structures. 
Until firm evidence, in the form of reliable age estimates of the Rickabys Creek Gravel or the 
Londonderry Clay, can be acquired, studies of the area will remain poorly constrained. 
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work_no latitude longitude elevation Quat_top Quat_base Quat_thick Tl_top Tl_base Tl_thick Tr_top Tr_base Tr_thick Wg_top Wg_base Wg_thick Hs_top 
GW032308 -33.743428 150.658385 18.437 18.437 1.067 17.370   0.000   0.000 1.067    
GW032344 -33.593149 150.774492 5.000 5.000 -10.240 15.240   0.000   0.000 -10.240    
GW032345 -33.592593 150.774492 5.000 5.000 -9.810 14.810   0.000   0.000 -9.810    
GW032346 -33.592038 150.774770 5.000 5.000 -9.230 14.230   0.000   0.000 -9.230    
GW032347 -33.591482 150.775048 5.000 5.000 -8.800 13.800   0.000   0.000 -8.800    
GW032348 -33.590926 150.775048 5.000 5.000 -8.710 13.710   0.000   0.000 -8.710    
GW032349 -33.590371 150.775326 7.000 7.000 -8.240 15.240   0.000   0.000 -8.240    
GW032350 -33.589538 150.774492 7.000 7.000 -9.760 16.760   0.000   0.000 -9.760    
GW032351 -33.588982 150.774492 9.000 9.000 -7.360 16.360   0.000   0.000 -7.360    
GW032352 -33.588149 150.774492 5.000 5.000 -10.020 15.020   0.000   0.000 -10.020    
GW017621 -33.743706 150.666441 26.000 26.000 14.120 11.880   0.000   0.000 14.120    
GW017643 -33.742873 150.663941 24.000 24.000 10.590 13.410   0.000   0.000 10.590    
GW018361 -33.783426 150.846438 69.669 0.000 0.000 0.000   0.000   0.000 69.669 -81.201 150.87 -81.201 
GW019913 -33.589260 150.721993 15.000 15.000 -3.590 18.590   0.000   0.000 -3.590    
GW067389 -33.628762 150.723567 24.734 0.000 0.000 0.000 24.734 21.734 3.000 21.734  0.000 0.000    
GW067390 -33.715971 150.658592 22.000 22.000 5.700 16.300   0.000   0.000 5.700    
GW067416 -33.731209 150.681075 21.000 21.000 6.000 15.000   0.000   0.000 6.000    
GW067487 -33.732587 150.683027 20.126 20.126 3.726 16.400   0.000   0.000 3.726    
GW067489 -33.732353 150.683260 20.279 20.279 3.479 16.800   0.000   0.000 3.479    
GW067491 -33.732299 150.683413 20.353 20.353 3.353 17.000   0.000   0.000 3.353    
GW067492 -33.731994 150.683961 20.646 20.646 8.546 12.100   0.000   0.000 8.546    
GW067493 -33.733872 150.685264 20.543 20.543 9.043 11.500   0.000   0.000 9.043    
GW067494 -33.734087 150.684932 20.360 20.360 4.410 15.950   0.000   0.000 4.410    
GW067496 -33.734249 150.684842 20.277 20.277 4.277 16.000   0.000   0.000 4.277    
GW061564 -33.601760 150.732549 17.010 17.010 3.310 13.700   0.000 3.310  0.000 0.000    
GW068247 -33.571532 150.745714 9.989 9.989 -12.511 22.500   0.000   0.000 0.000  0 -12.511 
GW069134 -33.591029 150.735473 9.000 9.000 -9.200 18.200   0.000   0.000 -9.200    
GW042646 -33.576759 150.826713 9.000 9.000 -12.030 21.030   0.000   0.000 -12.030    
Appendix 1 – Compilation of borehole records. Columns described in Chapter 3. 
Appendix 
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GW063811 -33.727872 150.687551 23.152 23.152 8.952 14.200   0.000   0.000 8.952    
GW063812 -33.735094 150.689218 21.845 21.845 9.245 12.600   0.000   0.000 9.245    
GW063814 -33.721483 150.692273 26.260 26.260 13.960 12.300   0.000   0.000 13.960    
GW004513 -33.637593 150.760882 15.020 0.000 0.000 0.000 15.02 -3.26 18.280 -3.26  0.000 0.000    
GW100403 -33.619309 150.704336 19.179 19.179 1.479 17.700   0.000   0.000 0.000  0 1.479 
GW067410 -33.563530 150.729964 32.000 0.000 0.000 0.000   0.000   0.000 32.000 2.5 29.5 2.5 
GW072438 -33.595813 150.879174 38.506 0.000 0.000 0.000   0.000   0.000 38.506 26.706 11.8 26.706 
GW047337 -33.595614 150.849311 7.000 7.000 -5.800 12.800   0.000   0.000 0.000  0 -5.8 
GW100073 -33.601520 150.723475 19.000 19.000 -2.000 21.000   0.000 -2 -4.5 2.500 0.000  0 -4.5 
GW100080 -33.626358 150.883439 42.980 0.000 0.000 0.000   0.000   0.000 42.980 -7.52 50.5 -7.52 
GW100103 -33.683545 150.699790 43.020 0.000 0.000 0.000 43.02 35.22 7.800 35.22  0.000 0.000    
GW100762 -33.616011 150.789517 9.997 0.000 0.000 0.000 9.997 -2.003 12.000 -2.003 -12.503 10.500 -12.503    
GW100788 -33.570588 150.729994 19.583 0.000 0.000 0.000   0.000   0.000 19.583 5.583 14 5.583 
GW100791 -33.666516 150.804010 28.000 0.000 0.000 0.000 28 20.2 7.800 20.2 2.3 17.900 2.300    
GW100903 -33.780135 150.655010 28.808 28.808 26.058 2.750   0.000   0.000 26.058 12.008 14.05 12.008 
GW101534 -33.565910 150.790806 29.007 0.000 0.000 0.000   0.000   0.000 29.007 -17.993 47 -17.993 
GW101536 -33.567253 150.842130 12.000 12.000 4.000 8.000   0.000 4 0 4.000 0.000    
GW101758 -33.562208 150.880730 23.000 0.000 0.000 0.000   0.000   0.000 23.000 8 15 8 
GW102046 -33.665086 150.804410 20.585 0.000 0.000 0.000 20.585 19.485 1.100 19.485 6.585 12.900 6.585    
GW102276 -33.730562 150.683259 20.781 20.781 3.981 16.800   0.000   0.000 3.981    
GW102278 -33.730562 150.683273 20.768 20.768 5.468 15.300   0.000   0.000 5.468    
GW102280 -33.730574 150.683266 20.780 20.780 4.880 15.900   0.000   0.000 4.880    
GW102301 -33.672595 150.676717 26.926 0.000 0.000 0.000   0.000   0.000 26.926 -7.074 34 -7.074 
GW102316 -33.619259 150.850880 9.300 0.000 0.000 0.000   0.000 9.3 0.3 9.000 0.300    
GW102733 -33.588427 150.738937 14.000 14.000 -2.500 16.500   0.000   0.000 -2.500    
GW102414 -33.604814 150.859769 19.000 0.000 0.000 0.000 19 7 12.000 7 -4 11.000 -4.000 -102 98 -102 
GW102766 -33.630650 150.679494 20.189 20.189 0.889 19.300   0.000   0.000 0.000  0 0.889 
GW103209 -33.599853 150.727392 18.909 18.909 -3.191 22.100   0.000   0.000 -3.191    
GW103056 -33.607102 150.716693 22.000 22.000 3.000 19.000   0.000   0.000 3.000    
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GW103213 -33.594773 150.736250 12.000 12.000 -0.500 12.500   0.000   0.000 -0.500    
GW103231 -33.618004 150.699312 13.260 13.260 -4.240 17.500   0.000   0.000 -4.240    
GW108486 -33.776664 150.668639 45.405 0.000 0.000 0.000   0.000   0.000 45.405 -14.595 60 -14.595 
GW103141 -33.656142 150.687604 28.000 0.000 0.000 0.000 28 17 11.000 17 15 2.000 15.000 -2 17 -2 
GW103531 -33.589620 150.729143 11.000 11.000 -4.000 15.000   0.000   0.000 -4.000    
GW103764 -33.780608 150.725140 67.093 0.000 0.000 0.000   0.000   0.000 67.093 -56.307 123.4 -56.307 
GW104009 -33.594816 150.736160 12.000 12.000 -0.900 12.900   0.000   0.000 -0.900    
GW104135 -33.832603 150.758053 44.738 0.000 0.000 0.000   0.000   0.000 44.738 -150.262 195 -150.262 
GW104178 -33.705517 150.749444 31.000 0.000 0.000 0.000   0.000   0.000 31.000 -80 111 -80 
GW104332 -33.606809 150.707420 14.703 14.703 -2.797 17.500   0.000   0.000 -2.797    
GW104342 -33.691164 150.725212 40.000 0.000 0.000 0.000 40 36.6 3.400 36.6 23 13.600 23.000 -59.5 82.5 -59.5 
GW104371 -33.652720 150.769890 25.409 0.000 0.000 0.000 25.409 18.409 7.000 18.409 5.409 13.000 5.409 -75.091 80.5 -75.091 
GW105004 -33.756406 150.679192 22.509 22.509 11.009 11.500   0.000   0.000 11.009 -27.791 38.8 -27.791 
GW105054 -33.815044 150.746503 36.747 0.000 0.000 0.000   0.000   0.000 36.747 -55.253 92 -55.253 
GW105057 -33.679413 150.727567 37.406 0.000 0.000 0.000 37.406 33.806 3.600 33.806 22.406 11.400 22.406 -55.594 78 -55.594 
GW105109 -33.631161 150.774257 15.073 0.000 0.000 0.000 15.073 -2.727 17.800 -2.727  0.000 0.000    
GW105154 -33.564811 150.803080 6.000 6.000 -9.200 15.200   0.000   0.000 -9.200    
GW105159 -33.575084 150.859119 21.000 21.000 -4.000 25.000   0.000 -4 -8 4.000 0.000  0 -8 
GW102315 -33.650371 150.771160 22.000 0.000 0.000 0.000 22 12 10.000 12 6 6.000 6.000    
GW105245 -33.555663 150.863975 10.072 0.000 0.000 0.000   0.000   0.000 10.072 -1.128 11.2 -1.128 
GW105283 -33.642699 150.680048 33.000 0.000 0.000 0.000 33 17.8 15.200 17.8 14.3 3.500 0.000  0 14.3 
GW104893 -33.701073 150.704928 49.544 0.000 0.000 0.000 49.544 43.644 5.900 43.644 34.344 9.300 34.344 -53.456 87.8 -53.456 
GW102548 -33.623703 150.853102 19.508 0.000 0.000 0.000   0.000 19.508 7.708 11.800 7.708    
GW075079 -33.715736 150.697015 29.121 29.121 15.121 14.000   0.000   0.000 15.121    
GW075011 -33.624772 150.792221 6.000 6.000 -11.000 17.000   0.000   0.000 -11.000    
GW104473 -33.666445 150.684682 33.181 0.000 0.000 0.000 33.181 27.681 5.500 27.681 22.181 5.500 22.181 -9.819 32 -9.819 
GW104716 -33.565673 150.805798 7.000 7.000 -7.200 14.200  0.000   0.000 -7.200    
GW104717 -33.721558 150.697995 28.885 28.885 16.385 12.500   0.000   0.000 16.385    
GW104814 -33.636555 150.744094 25.000 0.000 0.000 0.000 25 7.9 17.100 7.9  0.000 0.000    
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GW104718 -33.678510 150.684044 39.033 0.000 0.000 0.000 39.033 33.033 6.000 33.033 27.033 6.000 27.033 -18.967 46 -18.967 
GW104822 -33.667322 150.681871 30.932 0.000 0.000 0.000 30.932 23.932 7.000 23.932 20.932 3.000 20.932 -8.068 29 -8.068 
GW104827 -33.682318 150.698094 42.006 0.000 0.000 0.000 42.006 39.006 3.000 39.006 26.706 12.300 26.706 -39.994 66.7 -39.994 
GW104740 -33.630105 150.771496 22.000 0.000 0.000 0.000 22 5.5 16.500 5.5  0.000 0.000    
GW104741 -33.627182 150.771734 23.000 0.000 0.000 0.000 23 4.9 18.100 4.9  0.000 0.000    
GW104753 -33.628622 150.775275 15.822 0.000 0.000 0.000 15.822 0.472 15.350 0.472  0.000 0.000    
GW104755 -33.632211 150.778134 9.000 0.000 0.000 0.000 9 2.3 6.700 2.3  0.000 0.000    
GW104393 -33.575051 150.860416 24.000 24.000 18.000 6.000 18 -2 20.000 -2 -5 3.000 -5.000 -6 1 -6 
GW013699 -33.736206 150.657552 24.000 24.000 10.290 13.710   0.000   0.000 10.290    
GW019960 -33.592594 150.727826 10.000 10.000 -2.190 12.190   0.000   0.000 -2.190    
GW028586 -33.620678 150.726156 20.215 0.000 0.000 0.000 20.215 4.065 16.150 4.065  0.000 0.000    
GW063810 -33.719539 150.696162 28.370 28.370 13.770 14.600   0.000   0.000 13.770    
GW063813 -33.730094 150.690607 23.656 23.656 11.356 12.300   0.000   0.000 11.356    
GW067483 -33.731346 150.682425 20.259 20.259 4.959 15.300   0.000   0.000 4.959    
GW067486 -33.730949 150.682517 20.422 20.422 7.522 12.900   0.000   0.000 7.522    
GW042769 -33.633982 150.739493 19.172 0.000 0.000 0.000 19.172 11.372 7.800 11.372 -6.828 18.200 -6.828    
GW053969 -33.821206 150.668664 44.099 0.000 0.000 0.000   0.000   0.000 44.099 -62.601 106.7 -62.601 
GW100001 -33.601699 150.732079 17.025 17.025 -5.775 22.800   0.000   0.000 -5.775    
GW102274 -33.730536 150.683259 20.792 20.792 4.792 16.000   0.000   0.000 4.792    
GW102277 -33.730574 150.683246 20.772 20.772 4.372 16.400   0.000   0.000 4.372    
GW103070 -33.598127 150.726688 16.859 16.859 -5.841 22.700   0.000   0.000 -5.841    
GW103101 -33.643300 150.762301 11.000 0.000 0.000 0.000 11 -4 15.000 -4  0.000 0.000    
GW104094 -33.576458 150.858830 22.000 22.000 10.000 12.000 10 -3.5 13.500 -5.3  0.000 0.000  0 -5.3 
GW067498 -33.734253 150.684525 20.151 20.151 3.851 16.300  0.000   0.000 3.851    
GW100485 -33.647775 150.896983 35.797 0.000 0.000 0.000   0.000   0.000 35.797 10.497 25.3 10.497 
GW028860 -33.628983 150.724216 24.401 0.000 0.000 0.000 24.401 7.341 17.060 7.341 3.681 3.660 3.681    
GW104101 -33.643263 150.679384 34.000 34.000 20.000 14.000 20 17 3.000 17 15 2.000 0.000  0 15 
GW104199 -33.627577 150.680506 11.713 11.713 -8.287 20.000   0.000   0.000 -8.287    
GW105108 -33.634176 150.774324 18.919 0.000 0.000 0.000 18.919 2.119 16.800 2.119  0.000 0.000    
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GW105202 -33.656623 150.899020 46.441 0.000 0.000 0.000   0.000   0.000 46.441 12.941 33.5 12.941 
GW105792 -33.673034 150.678571 30.421 0.000 0.000 0.000 30.421 26.921 3.500 26.921 17.921 9.000 17.921 -4.579 22.5 -4.579 
GW105793 -33.669610 150.693387 45.000 0.000 0.000 0.000 45 38.5 6.500 38.5 30 8.500 30.000 -19.5 49.5 -19.5 
GW105799 -33.678044 150.685417 42.000 0.000 0.000 0.000 42 33 9.000 33 30 3.000 30.000 -12 42 -12 
GW106045 -33.570433 150.728848 22.891 0.000 0.000 0.000   0.000   0.000 22.891 9.891 13 9.891 
GW106049 -33.670033 150.681704 32.414 0.000 0.000 0.000 32.414 30.414 2.000 30.414 21.414 9.000 21.414 -7.586 29 -7.586 
GW106062 -33.670100 150.776190 37.000 0.000 0.000 0.000 37 24.7 12.300 24.7  0.000 0.000    
GW106283 -33.658267 150.671009 29.721 0.000 0.000 0.000 29.721 16.721 13.000 16.721 14.721 2.000 14.721 9.721 5 9.721 
GW106184 -33.676815 150.680434 31.778 0.000 0.000 0.000 31.778 26.078 5.700 26.078 16.778 9.300 16.778 -9.222 26 -9.222 
GW105500 -33.790864 150.664512 53.102 0.000 0.000 0.000   0.000   0.000 53.102 -11.898 65 -11.898 
GW105504 -33.679600 150.686664 43.000 0.000 0.000 0.000 43 42.5 0.500 42.5 31 11.500 31.000 -22 53 -22 
GW105509 -33.740325 150.692843 22.881 22.881 8.981 13.900   0.000   0.000 8.981    
GW105510 -33.738439 150.691232 22.009 22.009 8.009 14.000   0.000   0.000 8.009    
GW105511 -33.738569 150.688088 20.708 20.708 6.808 13.900   0.000   0.000 6.808    
GW105512 -33.739857 150.688304 20.550 20.550 6.050 14.500   0.000   0.000 6.050    
GW105513 -33.738229 150.686359 20.048 20.048 4.348 15.700   0.000   0.000 4.348    
GW105514 -33.739196 150.686310 19.000 19.000 3.600 15.400   0.000   0.000 3.600    
GW105334 -33.609929 150.711325 18.919 18.919 3.119 15.800   0.000   0.000 3.119 -17.081 20.2 -17.081 
GW105380 -33.689591 150.766510 29.000 0.000 0.000 0.000 29 26 3.000 26 18.6 7.400 18.600 -83.3 101.9 -83.3 
GW105382 -33.818658 150.748857 35.019 0.000 0.000 0.000   0.000   0.000 35.019 -44.981 80 -44.981 
GW105451 -33.696452 150.756031 30.000 0.000 0.000 0.000 30 29.5 0.500 29.5 19 10.500 19.000 -71.5 90.5 -71.5 
GW100011 -33.755614 150.663449 23.649 23.649 10.549 13.100   0.000   0.000 10.549    
GW106868 -33.689796 150.743190 43.000 0.000 0.000 0.000 43 36.5 6.500 36.5 22.5 14.000 22.500 -68 90.5 -68 
GW107618 -33.627986 150.702045 27.000 27.000 16.000 11.000 16 10 6.000 10 4.5 5.500 4.500    
GW107630 -33.693923 150.689914 41.315 0.000 0.000 0.000   0.000 41.315 29.315 12.000 29.315 -30.685 60 -30.685 
GW107307 -33.736647 150.691101 22.365 22.365 9.265 13.100   0.000   0.000 9.265    
GW107322 -33.707624 150.739919 44.287 0.000 0.000 0.000  0.000   0.000 44.287 -67.313 111.6 -67.313 
GW107394 -33.642330 150.746521 15.306 0.000 0.000 0.000 15.306 1.106 14.200 1.106 0.906 0.200 0.906 -62.394 63.3 -62.394 
GW107512 -33.629583 150.789602 13.000 0.000 0.000 0.000 13 0 13.000 0 -2 2.000 -2.000 -80 78 -80 
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GW107536 -33.688064 150.704050 45.142 0.000 0.000 0.000 45.142 37.142 8.000 37.142 23.142 14.000 23.142 -49.858 73 -49.858 
GW107559 -33.737254 150.695574 24.310 24.310 10.810 13.500   0.000   0.000 10.810    
GW107560 -33.737343 150.696025 24.570 24.570 10.470 14.100   0.000   0.000 10.470    
GW107561 -33.737587 150.696547 24.837 24.837 10.637 14.200   0.000   0.000 10.637    
GW107562 -33.737596 150.697000 25.084 25.084 10.584 14.500   0.000   0.000 10.584    
GW107563 -33.737531 150.697390 25.287 25.287 11.587 13.700   0.000   0.000 11.587    
GW107564 -33.737214 150.697798 25.488 25.488 11.888 13.600   0.000   0.000 11.888    
GW107565 -33.736436 150.698132 25.696 25.696 12.096 13.600   0.000   0.000 12.096    
GW107761 -33.737580 150.696623 24.874 24.874 11.274 13.600   0.000   0.000 11.274    
GW107763 -33.735592 150.693989 23.785 23.785 10.485 13.300   0.000   0.000 10.485    
GW106548 -33.743345 150.680111 19.876 19.876 4.776 15.100   0.000   0.000 4.776    
GW106629 -33.577563 150.858226 24.000 24.000 21.000 3.000 21 -1 22.000 -1 -2 1.000 -2.000 -14 12 -14 
GW106630 -33.671311 150.689495 43.000 0.000 0.000 0.000 43 32 11.000 32 28 4.000 28.000 -12 40 -12 
GW106688 -33.630234 150.704637 29.000 29.000 9.500 19.500   0.000   0.000 9.500    
GW106635 -33.645022 150.678453 33.000 33.000 31.000 2.000 31 16 15.000   0.000 0.000  0 16 
GW106643 -33.757363 150.665954 20.578 20.578 4.578 16.000   0.000   0.000 4.578    
GW106287 -33.568905 150.806155 8.000 8.000 -7.000 15.000   0.000   0.000 -7.000    
GW106350 -33.657975 150.742470 18.000 0.000 0.000 0.000   0.000 18 16.2 1.800 16.200 -65.5 81.7 -65.5 
GW106440 -33.630949 150.698806 29.100 29.100 28.100 1.000 28.1 16.1 12.000 16.1 9.1 7.000 9.100 -11.9 21 -11.9 
GW106486 -33.709641 150.710369 48.278 0.000 0.000 0.000 48.278 41.278 7.000 41.278 32.778 8.500 32.778 -52.722 85.5 -52.722 
GW106300 -33.619741 150.703795 19.229 19.229 -3.771 23.000   0.000   0.000 -3.771    
GW107855 -33.613712 150.713718 24.000 24.000 0.000 24.000  0.000   0.000 0.000 -34 34 -34 
GW107873 -33.680956 150.686432 44.000 0.000 0.000 0.000 44 43 1.000 43 28 15.000 28.000 -24 52 -24 
GW107932 -33.565455 150.778561 32.444 0.000 0.000 0.000   0.000   0.000 32.444 -1.056 33.5 -1.056 
GW107938 -33.688727 150.734535 42.000 0.000 0.000 0.000 42 35.8 6.200 35.8 23 12.800 23.000 -80.5 103.5 -80.5 
GW107940 -33.676306 150.904441 53.000 0.000 0.000 0.000   0.000   0.000 53.000 14 39 14 
GW107943 -33.636156 150.743718 25.000 0.000 0.000 0.000 25 8 17.000 8 4 4.000 4.000 -57 61 -57 
GW108009 -33.610635 150.776864 17.812 0.000 0.000 0.000 17.812 0.812 17.000 0.812 -4.188 5.000 -4.188    
GW108010 -33.622435 150.709544 28.000 28.000 23.000 5.000 23 10 13.000 10 2 8.000 2.000 -29 31 -29 
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GW108246 -33.709606 150.908605 58.000 0.000 0.000 0.000   0.000   0.000 58.000 13 45 13 
GW108303 -33.631650 150.844912 24.000 0.000 0.000 0.000 24 19.7 4.300 19.7 12.5 7.200 12.500 -25.5 38 -25.5 
GW108057 -33.621622 150.694918 11.740 11.740 -2.260 14.000   0.000   0.000 -2.260 -18.26 16 -18.26 
GW108071 -33.737590 150.696666 24.907 24.907 11.107 13.800   0.000   0.000 11.107    
GW108072 -33.737436 150.697123 25.153 25.153 11.253 13.900   0.000   0.000 11.253    
GW108081 -33.737841 150.690345 21.779 21.779 7.779 14.000   0.000   0.000 7.779    
GW101742 -33.661384 150.803920 22.499 0.000 0.000 0.000 22.499 16.999 5.500 16.999 6.499 10.500 6.499    
GW072142 -33.627249 150.889423 57.192 0.000 0.000 0.000   0.000   0.000 57.192 7.192 50 7.192 
GW108514 -33.568756 150.725503 25.401 0.000 0.000 0.000   0.000   0.000 25.401 18.401 7 18.401 
GW108896 -33.738594 150.693475 23.184 23.184 9.784 13.400   0.000   0.000 9.784    
GW108897 -33.739964 150.685756 16.637 16.637 1.437 15.200   0.000   0.000 1.437    
GW108898 -33.737997 150.686683 20.236 20.236 5.936 14.300   0.000   0.000 5.936    
GW108899 -33.737853 150.697186 25.155 25.155 10.855 14.300   0.000   0.000 10.855    
GW108452 -33.676286 150.899999 49.208 0.000 0.000 0.000   0.000   0.000 49.208 15.208 34 15.208 
GW108865 -33.663724 150.807039 22.000 0.000 0.000 0.000 22 19 3.000 19 8.2 10.800 8.200 -73 81.2 -73 
GW108641 -33.605255 150.718090 23.000 23.000 20.000 3.000 20 4 16.000 4 2 2.000 2.000    
GW102087 -33.597390 150.878003 39.976 0.000 0.000 0.000   0.000   0.000 39.976 24.976 15 24.976 
GW102273 -33.730536 150.683232 20.783 20.783 4.483 16.300   0.000   0.000 4.483    
GW102286 -33.741971 150.672050 19.985 19.985 4.785 15.200   0.000   0.000 4.785    
GW100387 -33.564558 150.731702 35.950 0.000 0.000 0.000  0.000   0.000 35.950 1.95 34 1.95 
GW101009 -33.594841 150.819909 8.000 8.000 5.000 3.000   0.000   0.000 5.000 -6.5 11.5 -6.5 
GW108906 -33.784914 150.706605 61.128 0.000 0.000 0.000   0.000   0.000 61.128 -41.872 103 -41.872 
GW103155 -33.806921 150.657212 45.801 0.000 0.000 0.000   0.000   0.000 45.801 8.801 37 8.801 
GW109205 -33.645636 150.739017 25.000 0.000 0.000 0.000 25 19.2 5.800 19.2 14 5.200 14.000 -79 93 -79 
GW108620 -33.637945 150.876190 41.487 0.000 0.000 0.000   0.000   0.000 41.487 -12.013 53.5 -12.013 
GW108476 -33.691877 150.765410 29.000 0.000 0.000 0.000   0.000 29 21 8.000 21.000 -76.5 97.5 -76.5 
GW100792 -33.661450 150.799867 25.733 0.000 0.000 0.000   0.000 25.733 -7.767 33.500 -7.767    
GW109371 -33.606128 150.743036 20.050 20.050 -2.150 22.200   0.000   0.000 -2.150    
GW109629 -33.630286 150.736347 20.500 0.000 0.000 0.000 20.5 -3.2 23.700   0.000 -3.200 -59.5 56.3 -59.5 
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GW110280 -33.757919 150.665281 20.563 20.563 4.063 16.500   0.000   0.000 4.063    
GW110213 -33.586494 150.743428 11.000 11.000 -2.500 13.500   0.000   0.000 -2.500    
GW110277 -33.760215 150.662293 20.127 20.127 3.627 16.500   0.000   0.000 3.627    
GW109669 -33.738731 150.686253 19.000 19.000 3.700 15.300   0.000   0.000 3.700    
GW110298 -33.758150 150.665178 20.448 20.448 3.948 16.500   0.000   0.000 3.948    
GW109920 -33.655278 150.767856 31.000 0.000 0.000 0.000 31 24 7.000 24 17 7.000 17.000 -76.5 93.5 -76.5 
GW110214 -33.583658 150.747111 10.000 10.000 -5.500 15.500   0.000   0.000 -5.500    
GW102275 -33.730549 150.683266 20.788 20.788 4.388 16.400   0.000   0.000 4.388    
GW102279 -33.730574 150.683266 20.779 20.779 5.779 15.000   0.000   0.000 5.779    
GW110102 -33.651429 150.766985 21.458 0.000 0.000 0.000   0.000 21.458 11.458 10.000 11.458 -86.542 98 -86.542 
GW110536 -33.782369 150.648583 48.982 0.000 0.000 0.000   0.000   0.000 48.982 10.982 38 10.982 
GW109698 -33.578522 150.723567 22.000 0.000 0.000 0.000   0.000   0.000 22.000 3 19 3 
GW075128 -33.747011 150.651168 29.000 0.000 0.000 0.000   0.000 29 15 14.000 15.000 -55 70 -55 
GW075129 -33.748415 150.653396 29.000 0.000 0.000 0.000   0.000 29 12 17.000 12.000 5 7 5 
GW075124 -33.753721 150.661196 26.628 26.628 13.128 13.500   0.000   0.000 13.128 4.628 8.5 4.628 
GW075125 -33.753312 150.664823 23.057 23.057 9.057 14.000   0.000   0.000 9.057 -2.943 12 -2.943 
GW075131 -33.770505 150.650051 22.728 22.728 14.728 8.000   0.000   0.000 0.000  0 14.728 
GW075132 -33.770566 150.649974 22.775 22.775 7.775 15.000   0.000   0.000 0.000  0 7.775 
GW075133 -33.770443 150.650096 22.848 22.848 11.848 11.000   0.000   0.000 0.000  0 11.848 
GW075134 -33.767377 150.652965 20.989 20.989 5.489 15.500   0.000   0.000 0.000  0 5.489 
GW075135 -33.767467 150.652920 20.995 20.995 5.995 15.000   0.000   0.000 0.000  0 5.995 
GW075137 -33.768811 150.655787 21.000 21.000 9.000 12.000   0.000   0.000 9.000 -3 12 -3 
GW075127 -33.753826 150.642573 74.022 0.000 0.000 0.000 74.022 60.022 14.000 60.022 56.022 4.000 0.000  0 56.022 
GW109667 -33.738453 150.691678 22.254 22.254 8.854 13.400   0.000   0.000 8.854    
GW075097 -33.732522 150.652081 16.310 16.310 1.310 15.000   0.000   0.000 0.000  0 1.31 
GW110057 -33.736608 150.690907 22.279 22.279 9.179 13.100   0.000   0.000 9.179    
GW110679 -33.557614 150.807497 47.870 0.000 0.000 0.000  0.000   0.000 47.870 0.87 47 0.87 
GW110692 -33.629299 150.682544 19.793 19.793 4.293 15.500   0.000   0.000 0.000  0 4.293 
GW037329 -33.530648 150.821713 39.000          39.000 23.160 15.840 23.160 
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GW034552 -33.550650 150.692548 130.000          130.000 75.750 54.250 75.750 
GW064245 -33.563983 150.670605 122.000          122.000 79.300 42.700 79.300 
GW027239 -33.551482 150.784214 37.000          37.000 22.980 14.020 22.980 
GW042826 -33.570094 150.671438 89.000            0.000 89.000 
GW043386 -33.532037 150.823380 39.000          39.000 32.910 6.090 32.910 
GW061639 -33.565372 150.675049 80.000            0.000 80.000 
GW062678 -33.558983 150.680049 78.000          78.000 76.200 1.800 76.200 
GW071209 -33.580372 150.679771 69.000          69.000 29.600 39.400 29.600 
GW072212 -33.537505 150.754482 61.000          61.000 38.700 22.300 38.700 
GW037739 -33.524815 150.751714 71.000          71.000 68.870 2.130 68.870 
GW031299 -33.544815 150.810325 46.000          46.000 7.900 38.100 7.900 
GW038900 -33.539259 150.820324 23.000          23.000 19.960 3.040 19.960 
GW037157 -33.595928 150.666438 99.000          99.000 77.000 22.000 77.000 
GW050850 -33.526209 150.816155 11.000            0.000 11.000 
GW051290 -33.532315 150.798658 23.000          23.000 21.000 2.000 21.000 
GW072270 -33.533899 150.800501 38.000          38.000 37.200 0.800 37.200 
GW067409 -33.558423 150.737232 77.000          77.000 13.000 64.000 13.000 
GW047153 -33.575650 150.678938 81.000          81.000 71.000 10.000 71.000 
GW051809 -33.528426 150.773380 51.000          51.000 43.400 7.600 43.400 
GW055740 -33.532593 150.807269 41.000          41.000 32.800 8.200 32.800 
GW047674 -33.578706 150.661438 125.000          125.000 112.000 13.000 112.000 
GW056832 -33.573150 150.667549 103.000          103.000 90.500 12.500 90.500 
GW059466 -33.531205 150.726992 71.000          71.000 69.000 2.000 69.000 
GW059471 -33.538148 150.816158 19.000          19.000 13.000 6.000 13.000 
GW047819 -33.577039 150.676438 100.000          100.000 84.000 16.000 84.000 
GW053210 -33.573705 150.671438 91.000          91.000 87.000 4.000 87.000 
GW053224 -33.563150 150.673382 92.000          92.000 85.300 6.700 85.300 
GW100057 -33.569436 150.712681 29.000           0.000 29.000 
GW100086 -33.603223 150.667660 68.000          68.000 55.500 12.500 55.500 
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GW100735 -33.573808 150.665906 118.000          118.000 102.600 15.400 102.600 
GW072628 -33.596745 150.690166 34.000          34.000 32.000 2.000 32.000 
GW100942 -33.537970 150.821958 33.000            0.000 33.000 
GW101195 -33.564816 150.699493 48.000          48.000 46.500 1.500 46.500 
GW100573 -33.533119 150.708581 87.000          87.000 69.500 17.500 69.500 
GW100604 -33.561583 150.676778 95.000          95.000 85.000 10.000 85.000 
GW101552 -33.564366 150.696138 68.000          68.000 50.000 18.000 50.000 
GW101691 -33.538955 150.732272 63.000          63.000 53.000 10.000 53.000 
GW101965 -33.545722 150.788488 28.000          28.000 17.500 10.500 17.500 
GW102146 -33.578983 150.664216 126.000          126.000 124.000 2.000 124.000 
GW102454 -33.599817 150.661994 86.000            0.000 86.000 
GW102456 -33.562316 150.677827 92.000          92.000 87.000 5.000 87.000 
GW102491 -33.568427 150.710604 26.000            0.000 26.000 
GW103028 -33.564920 150.678782 69.000            0.000 69.000 
GW102919 -33.558853 150.673038 95.000          95.000 83.000 12.000 83.000 
GW102947 -33.576105 150.661890 147.000          147.000 97.000 50.000 97.000 
GW103255 -33.534162 150.743626 61.000          61.000 57.500 3.500 57.500 
GW104093 -33.568162 150.719537 62.000          62.000 11.000 51.000 11.000 
GW104172 -33.569768 150.662105 132.000          132.000 109.000 23.000 109.000 
GW104303 -33.531995 150.800731 33.000            0.000 33.000 
GW103825 -33.575698 150.693158 29.000            0.000 29.000 
GW105219 -33.577727 150.661628 146.000          146.000 104.000 42.000 104.000 
GW105268 -33.572581 150.660609 108.000            0.000 108.000 
GW104882 -33.545028 150.715008 102.000          102.000 64.500 37.500 64.500 
GW104471 -33.573319 150.685987 56.000          56.000 55.000 1.000 55.000 
GW104478 -33.573353 150.685437 58.000          58.000 49.000 9.000 49.000 
GW104677 -33.532221 150.804752 38.000          38.000 30.000 8.000 30.000 
GW104441 -33.549002 150.735795 75.000         75.000 11.000 64.000 11.000 
GW104591 -33.584466 150.666983 103.000          103.000 86.000 17.000 86.000 
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GW072213 -33.587673 150.667242 83.000            0.000 83.000 
GW044990 -33.536482 150.765603 51.000          51.000 35.460 15.540 35.460 
GW053086 -33.529537 150.818935 33.000            0.000 33.000 
GW034646 -33.530648 150.817824 32.000          32.000 29.260 2.740 29.260 
GW104280 -33.549997 150.789818 32.000          32.000 18.500 13.500 18.500 
GW101061 -33.543944 150.717637 89.000          89.000 67.000 22.000 67.000 
GW104462 -33.573624 150.689760 45.000            0.000 45.000 
GW104477 -33.573010 150.682990 68.000          68.000 61.000 7.000 61.000 
GW105257 -33.551199 150.814847 32.000          32.000 8.000 24.000 8.000 
GW105626 -33.572567 150.713034 38.000          38.000 21.900 16.100 21.900 
GW105797 -33.543727 150.724438 69.000          69.000 50.000 19.000 50.000 
GW106194 -33.590646 150.663350 106.000          106.000 95.000 11.000 95.000 
GW105538 -33.547931 150.721982 79.000          79.000 24.000 55.000 24.000 
GW100128 -33.582271 150.684921 75.000          75.000 48.000 27.000 48.000 
GW105410 -33.538095 150.725646 87.000          87.000 82.000 5.000 82.000 
GW105422 -33.547260 150.732717 71.000          71.000 24.500 46.500 24.500 
GW072360 -33.539406 150.744895 81.000          81.000 78.900 2.100 78.900 
GW107611 -33.556913 150.669080 109.000          109.000 106.000 3.000 106.000 
GW107383 -33.544211 150.676883 172.000          172.000 108.000 64.000 108.000 
GW107393 -33.540688 150.697759 80.000          80.000 75.000 5.000 75.000 
GW107530 -33.536262 150.729069 85.000          85.000 64.000 21.000 64.000 
GW107533 -33.547876 150.703222 106.000          106.000 64.000 42.000 64.000 
GW107749 -33.596646 150.668453 111.000          111.000 70.000 41.000 70.000 
GW107452 -33.556558 150.670802 121.000          121.000 100.000 21.000 100.000 
GW107596 -33.576123 150.685152 58.000          58.000 56.700 1.300 56.700 
GW107598 -33.551608 150.839859 38.000          38.000 14.500 23.500 14.500 
GW106930 -33.573317 150.701439 33.000            0.000 33.000 
GW106503 -33.545291 150.711646 89.000 
 
        89.000 56.000 33.000 56.000 
GW106634 -33.544876 150.687375 105.000          105.000 84.000 21.000 84.000 
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GW106651 -33.541069 150.726472 68.000          68.000 60.000 8.000 60.000 
GW106310 -33.532231 150.802464 31.000            0.000 31.000 
GW106389 -33.537223 150.825756 23.000          23.000 21.000 2.000 21.000 
GW106346 -33.570379 150.714259 22.000          22.000 17.000 5.000 17.000 
GW106289 -33.532626 150.743278 56.000          56.000 54.000 2.000 54.000 
GW108420 -33.558914 150.733835 75.000          75.000 14.500 60.500 14.500 
GW108436 -33.524892 150.818292 32.000            0.000 32.000 
GW108100 -33.561605 150.695761 69.000          69.000 36.000 33.000 36.000 
GW108126 -33.591663 150.683940 41.000            0.000 41.000 
GW108128 -33.535714 150.816879 17.000            0.000 17.000 
GW108129 -33.564772 150.723152 49.000          49.000 -11.000 60.000 -11.000 
GW108130 -33.579822 150.683836 74.000          74.000 38.000 36.000 38.000 
GW108131 -33.582836 150.674836 89.000            0.000 89.000 
GW108169 -33.536218 150.814282 21.000          21.000 19.500 1.500 19.500 
GW108175 -33.538433 150.816132 19.000          19.000 17.500 1.500 17.500 
GW108293 -33.544517 150.729800 82.000          82.000 51.000 31.000 51.000 
GW100879 -33.600917 150.681970 39.000          39.000 36.000 3.000 36.000 
GW108732 -33.605123 150.684334 40.000          40.000 38.500 1.500 38.500 
GW108446 -33.549072 150.691409 111.000          111.000 81.000 30.000 81.000 
GW101921 -33.535966 150.803871 33.000            0.000 33.000 
GW103252 -33.534064 150.803139 41.000            0.000 41.000 
GW108783 -33.537800 150.801289 34.000            0.000 34.000 
GW100708 -33.549685 150.672372 161.000          161.000 103.000 58.000 103.000 
GW110632 -33.552600 150.821869 23.000          23.000 5.500 17.500 5.500 
GW102027 -33.533218 150.830878 33.000          33.000 26.600 6.400 26.600 
GW075401 -33.537744 150.835392 26.360          26.360 24.360 2.000 24.360 
GW075404 -33.532289 150.762314 49.150 
 
        49.150 48.150 1.000 48.150 
GW110552 -33.532281 150.794128 47.000          47.000 45.000 2.000 45.000 
GW109949 -33.591486 150.673128 72.000          72.000 70.000 2.000 70.000 
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GW110849 -33.553265 150.819162 35.000          35.000 6.000 29.000 6.000 
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Appendix 2 – Short description of important sites in the study area, to be used as a key to Figure 3. 
  
Site number Descriptive notes
1 Rickabys Creek Gravel overlies ferruginised Wianamatta Shale
2 Scrapings with Fe‐shale, gravels/cobbles further along ‐ stripped sub‐RCG unconformity
3 RCG exposed along road‐side. Exemplar views of monocline and gorge.
4 Lower cliff made from Minchinbury Sandstone, views of Nepean Gorge. 
5 Outcrop of Minchinbury Sandstone (shows small crossbedding) halfway down the cliff, overlain by Fe‐shale. Very low dip
6 Exposure of Minchinbury Sandstone ‐ fine/med grained lithic quartzose sandstone, local crossbedding, at least 2 m. Elevation 55 mASL. 
7 Thin bedded Minchinbury Sandstone, low dip to the south, at least 3m thick
8 Ashfield shale, dipping 1‐2 degrees to the south
9
Road cutting on south side of Church St, showing terrace consisting of Londonderry Clay, with a low slope to the Pitt Town Lagoon. No 
evidence of bedrock (Ashfield Shale) as shown on geological map
10 Terrace consisting of clay, sloping down to Lowlands Formation. No sign of Ashfield Shale.
11 Terrace made of clay, no shale seen.
12 Sloping terrace of Londonderry Clay, agrees with geological map.
13 Flat lying Hawkesbury Sandstone, probably near top of unit
14
Subhorizontal Ashfield Shale. Shale chip occurring at surface ‐ no deep soil profile. Evidence that the western Pitt Town Terrace consists 
of Londonderry Clay, otherwise a suitable outcrop of shale would easily be found
15 Wianamatta Group Shale bedrock
16 Quaternary alluvium, no exposures ‐ vegetated
17 2‐3 m of Rickabys Creek Gravel. Poorly sorted, clast supported, clay matrix. Sits above current creek bed
18 Londonderry Clay on SE side of creek bank, couldn't investigate thoroughly.
19 Rickabys Creek Gravel in small roadside cutting
20 Rickabys Creek Gravel outcrops, small, surficial.
21 More small gravel outcrops, not as extensive as shown on geological map.
22 Rickabys Creek Gravel ‐ poorly sorted, clasts up to 30cm, sandy matrix suported.
23 Rickabys Creek Gravel on lower limb of the  Lapstone Monocline, large boulder present 80 cm, clast supported
24 Londonderry Clay outcrop on lower limb of Lapstone Monocline, shown in drillholes. Palaeomag unsuccessful, further testing scheduled.
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Appendix 3 – Isopach map of the Rickabys Creek Gravel, contoured to 5 m intervals. 
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Appendix 4 – Isopach map of the Londonderry Clay, contoured to 5 m intervals. 
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